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Current lignocellulosic fermentation depend on complex and expensive enzymatic 
hydrolysis of cellulose and hemicellulose. In order to make bioprocessing of 
lignocellulose economically competitive this study has selected and engineered a host 
for degradation of cellulose, into simple monomeric sugars. Geobacillus 
thermoglucosidans DSM 2542 was engineered to individually express four cellulase 
proteins. The proteins chosen were CelA, CelB Cel6B and Cel9A from 
Caldicellulosciruptor bescii, Thermotoga neopolitania and Thermobifida fusca 
respectively. CelA, CelB and Cel9A were shown to be active against 
carboxymethylcellulose (CMC). CelA is of particular interest as the protein has been 
shown to be multifunctional, thermostable at 55 ºC, has a novel mode of action and able 
to degrade biomass through surface ablation and cavity formation. The cellulase genes 
were placed under the control of an inducible promoter (ParaE) to facilitate regulation of 
gene expression with arabinose. This study represents considerable progress in the 
engineering of G. thermoglucosidans for use in a consolidated bioprocessing system. 
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ASM Ammonium Sulphate Medium 
bp Base Pairs 
CAPEX Capital Expenditure 
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England, USA) 
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NADPH Nicotinamide adenine dinucleotide phosphate 
O.D Optical Density 
OPEX Operating Expenditure 
PBS Phosphate Buffered Saline 
PCR Polymerase Chain Reaction 
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TSA/ K Tryptic Soy Agar/ Containing 12.5 µg ml -1 of 
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TSB/ K Tryptic Soy Broth/ Containing 12.5 µg ml -1 of 
Kanamycin 
TTE Tryptone + Trace Elements 




3.1. Biofuels and the energy industry 
Reliance on finite fossil fuel resources is a growing concern. The geopolitical 
situation surrounding oil and gas is fragile, especially in the Middle-East. Fossil fuels 
are non-renewable and finite, making the development of sustainable fuel sources 
essential. Liquid transport fuels, such as petrol, diesel and kerosene make up a large 
proportion of the fossil fuel demand (Demirbas et al. 2007) Gas to Liquid technology 
(GTL) (Patent number WO20140958 A1, (Hoek et al. 2014) provides a way of 
generating liquid fuel through Fischer-Tropsch synthesis of natural gas to liquid fuel. 
However GTL technology only strengthens our dependence on fossil fuel reserves. 
Fossil fuels have a carbon debt related to them as they are non-renewable and 
release CO2 when burnt. The carbon debt associated with fossil fuels is an issue for 
the fuel industry as following the introduction of the Energy Policy Act 2005 (United 
States Congress 2005), the Clean Air Act 2006 (EPA 2006a), the Renewable Fuels 
Standards 2006 (EPA 2006b) and the Energy Independence and Security Act 2007 
(EPA 2007) companies involved in the production of transport fuels are required to 
produce renewable liquid fuels. Governmental incentives such as Renewable 
Identification Number (RIN) credits (EPA 2013) and cellulosic waiver credits (Mcphail 
et al. 2011) encourage carbon offset, making the development of carbon neutral fuels 
financially viable Given these factors developing replacements to fossil fuels is 
environmentally important and possibly commercially advantageous.  
To date, biofuel generation has been mostly limited to the production of bioethanol 
and biodiesel. Bioethanol and diesel are classified depending on the whether the 
feedstock is primarily from food crops (1st generation) or other sources such as 
lignocellulose, non-food crops or waste (2nd generation). Yeasts are used to ferment 
plant materials, such as sugarcane bagasse (the residual waste left after soluble 
sugar extraction) (Rudolf et al. 2008)to ethanol. The ethanol produced is then 
blended with petroleum to produce a useable fuel. Brazilian bioethanol is produced at 
a price competitive with gasoline (Goldemberg et al. 2004).  
The main hurdle to replacing petroleum based with bioethanol is the so-called “blend 
wall”; this is the maximum percentage of ethanol that can be mixed with petroleum 
fuel before the fuel properties are affected. In the US the maximum percentage of 
ethanol that can be blended with petrol is 10 % (EPA 2006b).  




Another option for liquid fuel replacement is biodiesel. Biodiesel is composed of Fatty 
Acid Methyl/Acyl Esters (FAME/FAAE), produced by the trans-esterification of 
glycerol. Biodiesel has numerous advantages over traditional fuels. The lifecycle  
emissions of biodiesel (NOx, CO2 and methane) are reduced by 41% if no land 
change is required for the feedstock growth process, compared to current production 
levels (NREL 2008). Furthermore, it acts as a lubricant making it compatible with 
current diesel engines (NREL 2008).  
Both bioethanol and biodiesel raises questions about infrastructure, land use change 
and the feedstock market, particularly if managed incorrectly (Fargione et al. 2008). 
Land use change is of major concern as research has shown that if natural 
environments such as rainforests, peat lands, savannahs or grasslands are 
converted for biofuel use, a carbon debt of 17-420 times that of the annual CO2 
reduction provided by the biofuel is created (Fargione et al. 2008). Land use change 
also conflicts with global food production leading to a trade-off between food and fuel.  
3.2. Production of replica fuel molecules 
Through further refinement or mass market engine modification, biodiesel or 
bioethanol could replace petroleum based fuels in the road transport market. 
However changes to the established infrastructure would be required due to the 
different properties of current biofuels (cold flow, cloud point, volatility, and octane: 
cetane requirements). This incompatibility means the energy industry is reluctant to 
convert its infrastructure. The mass market change to biodiesel or ethanol is a goal 
that would be a gradual and costly to realise. 
The biosynthetic production of fuel molecules which, unlike ethanol and biodiesel, are 
structurally identical to current petroleum based fuels is desirable because of the 
reduction in downstream processes. A recent study allow a fuel molecule’s chain 
length to be tailored, (Howard et al. 2013) thus removing the need for hydrocracking. 
Today’s fuels are made of a complex mix of hydrocarbons, such as alkanes, alkenes 
and aromatic compounds. These hydrocarbons can be synthesised in nature by a 
number of different organisms for various purposes, for example the green 
woodhoopoe (Phoeniculus purpureus) secretes hydrocarbons for waterproofing 
(Burger et al. 2004), termites use alkanes as signaling molecules (Reticulitermes 
virginicus) (Howard et al. 1982) plants secrete a waxy cuticle which contains large 




amounts of hydrocarbons (Rowland et al. 2006; Aarts 1995Bernard et al. 2012Perera 
et al. 2010von Wettstein-Knowles 2007). Additionally a number of bacterial species 
are able to synthesis alkenes (Albro & Dittmer 1969; Beller et al. 2010; Rude et al. 
2011).The cyanobacterial pathway for alkane biosynthesis has attracted the most 
interest specifically the pathway from Nostoc punctiforme PCC73102 (Schirmer et al. 
2010). The cyanobacterial pathway produces C15 and C17 odd chain alkanes/alkenes 
through two key steps. Firstly acyl-ACP fatty acids are reduced to aldehyde by an 
NADPH dependent fatty acyl-ACP reductase.Secondly the aldehyde is then 
converted to an alkane/alkene by an aldehyde-deformylating oxygenase (ADO). It is 
possible that a simple enzymatic pathway to alkanes, such as that discussed in 
Howard et al, could be inserted into a industrially relevant host (Figure 1) (Howard et 
al. 2013) that has been engineered to utilise a renewable carbon source. This would 
allow the production of drop in biofuels from lignocellulosic waste material. An 
overview of other route to biofuels from lignocellulose is also shown in Figure 1. 
3.3. Cellulose as a carbon source for biofuel production 
Whilst it has been shown that “drop-in” fuel molecules can be produced in bacterial 
systems (Akhtar et al. 2013; Howard et al. 2013) (Figure 1), it is important that an 
appropriate feed-stock can be utilised by the chosen microbial  host. Cellulose is the 
most abundant biorenewable carbon source on the planet and its utilisation as a 
carbon source has been a goal of the research community for many years. However, 
cellulosic material is very complex, recalcitrant to degradation and varies greatly in 
composition, making it very difficult to degrade (Gomez del Pulgar & Saadeddin 
2014; Hemsworth et al. 2014). The complex structure of cellulose is shown in Figure 
2. Cellulose is currently used as a feedstock for the production of cellulosic ethanol. 
Typically, lignocellulosic material is broken down using complex treatment processes 
which use harsh conditions, such as steam explosion, acid pretreatment or 
mechanical breakdown to break the lignin and partially hydrolyse the cellulose. 





Figure 1 Metabolic routes for bioprocessing of lignocellulose to synthetic fuel 
molecules. 
If lignocellulose can be broken down by cellulase enzymes, to glucose monomers 
these can be feed into glycolysis (Green). This yields Acetyl-CoA, a precursor to 
many secondary metabolites, including biofuels. The lignin  can be fractionated into 
monomers, these can then be hydrolysed to protocatechuic acid (PHA) as 
demonstrated in Pseudomonas putida (Linger et al 2014). A variety of fuel molecules 
can be produced, including long, diesel range, straight and branched chain alkanes 
and alkenes (Howard et al. 2013), short, petrol-range straight chain alkanes and 
alkenes (Akhtar et al. 2013), and other fuels such as propane (Kallio et al. 2014) and 
alchohols, such as butanol and ethanol, which can be blended with traditional 
petroleum fuel (Atsumi et al. 2008, Fischer et al 2008). A single organism engineered 
to carry out the catabolic (lignocelluose degradation) and anabolic (fuel molecule 
synthesis) steps would allow a single fermentation step, for biofuel synthesis from 
waste material. 
  




This mix of complex sugars is then digested by enzymes to simple sugars such as 
glucose and cellobiose. The hydrolysate from these treatments can then be used as 
a feedstock for fermentation, by yeast (such as Saccharomyces cerevisiae), to 
produce ethanol. Multi-step complex processes can be expensive. If these 
pretreatment, hydrolysis and fermentation steps can be combined into a single 
fermentation step then this should reduce the CAPEX and OPEX of the conversion of 
lignocellulose to fuel. Bacteria have been found which produce enzymes able to 
hydrolyse lignin (Ramachandra et al. 1988, Ahmad 2010) and cellulose (Chung et al. 
2014), and to produce drop in fuel molecules (Howard et al. 2013). Consolidated 
Bioprocessing (Figure 3) is the use of a single fermentation step to convert a 
feedstock into the desired product; in this case, lignocellulose to replica 
hydrocarbons.  
There are 3 main mechanisms of for degrading cellulose (Figure 4). The first, isfound 
mainly in Clostridia sp. are called cellulosomes. These are large protein complexes of 
membrane associated, extracellular enzymes for cellulose degradation (Lamed et al. 
1983a). Another mechanism is the secretion of free cellulases, which are released 
from the cell (Mingardon et al. 2011, Wilson et al. 1993). These can either be simple, 
single domain proteins such as exoglucanases, exoglucanase and β-glucosidases or 
large, complex, multidomain cellulosome like proteins, such as those produced by C. 
bescii (Brunecky et al. 2013), which can contain endo and exo acting glycosyl-
hydrolase domains.   
Historically fungi have been the main source of cellulolytic enzymes (Mandels & 
Reese 1957; Lee 1997). Trichoderma Reesei, a hyphal strain of fungi has been 
developed through genetic engineering (Peterson & Nevalainen 2012) and   






















 Xylose NR-Exo = Non reducing end acting exoglucanase 
Xylobiose R-Exo = Reducing end acting exoglucanase 
   Glucose  Xly = Endo-β-1, 4 xylanase  
Cellobiose CBH= Cellulose biohydrolase/ β-glucosidase                   
B-Gluc = Endo-β-1, 4-glucanase 
Figure 2 A simplified representation of lignocellulose, detailing the classical model 
of lignocellulosic breakdown.  
Lignocellulose is a highly ordered and complex material. This figure shows the basic 
structure of cellulose fibrils, cross linked by hemicellulose (xylose), and the main 
enzymes required for degradation of this complex material. Cellulose is made more 
recalcitrant to degradation by branched hemicellulose structures and lignin. The most 
important enzymes in lignocellulose degradation are endo- and exoglucanases and 


















Figure 3 Traditional fermentation of biomass compared to consolidated bioprocessing. 
Consolidated bioprocessing aims to remove the complexity from current fermentation workflows. Consolidated bioprocessing 










Figure 4  Mechanisms of cellulose degradation in bacteria. 
Bacteria are able to degrade cellulose through a number of different mechanisms. Some 
bacteria secrete free cellulose enzymes (A). Others, such as Caldicellulosiruptor bescii, (C. 
bescii), secrete complex multiedomain, multifunctional cellulose enzymes, these are not 
membrane bound but the domains are linked by long linker arms (B) (Brunecky et al. 2013). 
Some bacterial species, particularly Clostridia sp. have highly complex, membrane bound,  
protein complexes called cellulosomes (C) (Lamed et al. 1983b). Both true cellulosomes and 
free enzyme, cellulose like complexes contain cellulose binding domains. These help to 
improve cellulose hydrolysis by stabilising the glycosyl-hydrolase interaction with the 
substrate. Once hydrolysed the cellulose fibres the simple sugars, such as glucose and 
cellobiose can be transported into the cell, where they are feed into glycolysis (Mingardon et 
al. 2011).




fermentation optimisation (Pakula et al. 2005), but given the hyphal morphology of T. 
reesei traditional liquid fermentation is difficult (Lee 1997) because the mixing of the 
medium disrupts the hyphal structure. This makes T. reesei unsuitable for efficient 
consolidated bioprocessing.Prokaryotic systems that are capable of cellulose 
degradation are very appealing as they are less complex than eukaryotic systems, 
making it more feasible to manipulate the endogenous system to produce the desired 
product, allowing carbon neutral production. Many bacterial species have the ability 
to degrade cellulose, including Clostridium thermocellum (Lamed et al. 1983; Dykstra 
et al. 2013), Clostridium stercorarium (Riedel et al. 1998), Thermobifida fusca (Irwin 
et al. 1993; Zhang et al. 1995; Lykidis et al. 2007), Thermobifida neopolitania (Bok et 
al. 1998; Dakhova et al. 1993) Caldicellulosiruptor saccharolyticus (van de Werken et 
al. 2008; Vanfossen et al. 2009; VanFossen et al. 2011) and Caldicellulosiruptor 
bescii (Brunecky et al. 2013; Kanafusa-Shinkai et al. 2013). C. bescii is of particular 
interest as it has high cellulolytic activity; it has been developed to be genetically 
tractable chassis (Chung et al. 2012). Several species of Geobacillus have been 
demonstrated to have cellulolytic capabilities (Zambare et al. 2011; Rastogi et al. 
2010; Assareh et al. 2012; Tai et al. 2004; Zeigler 2014). Both Geobacillus 
thermoglucosidans DSM 2542 (formerly known as Geobacillus thermoglucosidasius 
(Coorevits et al. 2012))and C. bescii have successfully been engineered to produce 
ethanol (Zambare et al. 2011; Cripps et al. 2009; Chung et al. 2014).  
Thermophilic bacteria offer numerous advantages for consolidated bioprocessing 
(Figure 3). Feedstock cooling costs are reduced (Cihan et al. 2011). The higher 
temperatures facilitate the extraction of volatile compounds (Turner et al. 2007). Due 
to the toxicity of the desired products, in this case short chain alkanes, their removal 
through evaporation is highly desirable as this reduces any inhibitory effects (Wiegel 
1980). It is proposed that by using thermophilic bacteria for industrial fermentation, 
contamination by mesophilic bacteria and bacteriophages will be lower than if a 
mesophillic culturing environment is used. Although thermophilic bacteriophages do 
exist (Saunders & Campbell 1966) it has been shown that a greater proportion of 
thermophilic bacteria  possess adaptive viral immune responses (CRISPR based 
immunity), when compared to mesophillic bacteria (46%) (Weinberger et al. 2012) 
making thermophilic bacteria less susceptible to phage contamination. Whilst the 
existence of Geobacillus spp. specific phages has been demonstrated (Saunders & 
Campbell 1966; Marks & Hamilton 2014; Liu & Zhang 2008; Wang & Zhang 2010), 




current research suggests that the mutation rate is sevenfold lower in thermophilic 
environments. 
3.4. Geobacillus: a thermophilic host for consolidated bioprocessing 
The economic gains available from commercial scale production of lignocellulosic 
biofuels could be much greater if operating costs (OPEX) and capital cost (CAPEX) 
are reduced as much as possible. One way to achieve this is the engineering of an 
organism that would allow for all pre-treatment, polysaccharide hydrolysis and 
product synthesis to be performed in a single fermentation step. The generation of 
this consolidated bioprocessing chassis is the main aim of this body of research. 
Geobacillus spp. are rod shaped, thermophilic, aerobic or facultative anaerobic 
endospore-forming bacteria (Zeigler 2014). Geobacillus spp. have been isolated from 
a wide range of environments but their role in composting (Zeigler 2014) makes them 
of interest to this study. Geobacillus spp. have an optimal growth temperature of 45-
70 °C (Nazina et al., 2001) and remain stable at ambient temperatures.  
In recent years, research into Geobacillus has increased and important 
developments have been made. G. thermoglucosidans has seen improvements 
made to its cellulolytic capacity through the expression of the thermophillic cellulase 
Cel5A from Thermotoga maritima (Bartosiak-Jentys et al. 2013). There are several 
reported methods for the genetic transformation of Geobacillus. These include 
electroporation and conjugal transfer (Narumi et al. 1992; Cripps et al. 2009). 
Conjugal transfer was selected for the transformation of Geobacillus. There are 
several advantages to using conjugal transfer over electroporation. Because the 
plasmid is directly transferred to the conjugal recipient via a pilus there is no “free” 
DNA outside of the cell that can be degraded by extracellular endonucleases, which 
in turn affects the efficiency of transformation. Furthermore, there are fewer variables 
that require optimisation with conjugation compared to electroporation. 
To date 10 Geobacillus genomes have been sequenced giving us a wealth of 
bioinformatics data from which we can predict genes and operons of interest (Zeigler 
2014; Studholme 2014). Approximately 85 % of core genome shared of the 
Geobacillus genus is shared with Bacillus subtillis 168 (Zeigler 2014).  




3.5. Geobacillus: a thermophilic host for consolidated bioprocessing 
The economic gains available from commercial scale production of lignocellulosic 
biofuels could be much greater if operating costs (OPEX) and capital cost (CAPEX) 
are reduced as much as possible. One way to achieve this is the engineering of an 
organism that would allow for all pre-treatment, polysaccharide hydrolysis and 
product synthesis to be performed in a single fermentation step. The generation of 
this consolidated bioprocessing chassis is the main aim of this body of research. 
Geobacillus spp. are rod shaped, thermophilic, aerobic or facultative anaerobic 
endospore-forming bacteria (Zeigler 2014). Geobacillus spp. have been isolated from 
a wide range of environments but their role in composting (Zeigler 2014) makes them 
of interest to this study. Geobacillus spp. have an optimal growth temperature of 45-
70 °C (Nazina et al., 2001) and remain stable at ambient temperatures.  
In recent years, research into Geobacillus has increased and important 
developments have been made. Geobacillus thermoglucosidans (G. 
thermoglucosidans), has seen improvements made to its cellulolytic capacity through 
the expression of the thermophillic cellulase Cel5A from Thermotoga maritima 
(Bartosiak-Jentys et al. 2013). There are several reported methods for the genetic 
transformation of Geobacillus. These include electroporation and conjugal transfer 
(Narumi et al. 1992; Cripps et al. 2009). Conjugal transfer was selected for the 
transformation of Geobacillus. There are several advantages to using conjugal 
transfer over electroporation. Because the plasmid is directly transferred to the 
conjugal recipient via a pilus there is no “free” DNA outside of the cell that can be 
degraded by extracellular endonucleases, which in turn affects the efficiency of 
transformation. Furthermore, there are fewer variables that require optimisation with 
conjugation compared to electroporation. 
To date 10 Geobacillus genomes have been sequenced giving us a wealth of 
bioinformatics data from which we can predict genes and operons of interest (Zeigler 
2014; Studholme 2014). Approximately 85 % of core genome shared of the 
Geobacillus genus is shared with Bacillus subtillis 168 (Zeigler 2014).   





It is hypothesised that this will make the transfer of knowledge easier between the 
two genera. It is the pan-genome (Zeigler 2014; Tettelin et al. 2005) that makes 
Geobacillus of even greater interest. Geobacillus is a highly diverse genus of 
bacteria; much of the pan-genomic variation is observed in carbon source utilisation 
with many species possessing genes for complex polysaccharide utilisation (Zeigler 
2014). The intraspecies diversity can be screened for characteristics that would make 
Geobacillus an ideal host for consolidated bioprocessing (CBP) (overview in Figure 
3).  
Geobacillus spp. have numerous genes and operons that have putative function in 
the degradation of complex plant polysaccharides (Zeigler 2014), such as a 9.4 kb 
galactan utilisation cluster (ganREFGBA) (Tabachnikov 2013). Genes involved in the 
uptake of simple monosaccharides and disaccharides, produced from cellulose, 
arabinose and xylan degradation (Lai & Ingram 1993; Shulami et al. 2011), have also 
been identified.  
Geobacillus has been engineered for the production of ethanol from biomass, by a 
UK based company called TMO renewables. Olson et al. (Olson et al. 2012) 
suggested that the modified Geobacillus thermoglucosidans DSM2542 of Cripps et 
al. (Cripps et al. 2009) was the ethanol production system with the highest titre (g l-1) 
and rate (g l-1 hour-1) of currently available thermophilic ethanol platforms, setting an 
important industrial precedent for the use of Geobacillus in an industrial process. 
3.6. Project aims 
The aim of this research will be to screen all the public available species of 
Geobacillus for relevant characteristics: thermophilic growth, C5 and C6 sugar 
utilisation, cellulolytic capabilities, and ability to  be transformed. Any inherent 
cellulolytic activity will be assessed and Geobacillus will then be engineered to 
improve any endogenous cellulolytic pathways present to improve growth on 
cellulosic material, by increasing the available carbon. This will be achieved through 
the expression of thermostable cellulase genes. Whilst lignocellulose is a complex 
combination of cellulose and hemicellulose (Figure 2) the main aim of this project is 
cellulose degradation as cellulose comprises the largest proportion of lignocellulosic 
biomass. The selected host chassis can later be engineered to produce drop in 




biofuels using a pathway similar to those discussed previously (Howard et al. 2013; 
Kallio et al. 2014; Akhtar et al. 2013). 
Materials and Methods 
3.7. Revival of lyophilized Geobacillus spp. 
 Strains were obtained from 4 separate culture collections. The cultures obtained 
from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), American 
Type Culture Collection (ATCC) and the National Collection of Industrial, Marine and 
Food Bacteria (NCIMB) were freeze dried cultures, whilst the samples shipped from 
Bacillus Genetic Stock Centre (BGSC) were shipped on tryptone blood agar base 
(TBAB) plates. Freeze dried samples were hydrated according to the instructions 
provided by each respective culture collection. Once fully hydrated, 100 µl of cells 
was spread plated onto the recommended agar and onto Tryptic Soy Agar (TSA)  (15 
g l -1 Tryptone, 5 g l -1 Peptone, 5 g l -1 sodium chloride, 15 g l -1 agar (plates only), pH 
adjusted to pH 7.3). A further 100 µl was also inoculated into 5 ml of Tryptic Soy 
Broth (TSB), in a 50 ml Falcon tube. The strains received from BGSC were on plates 
and so a single colony was picked from the plate and inoculated into the 
recommended liquid medium and TSB. All strains were then incubated at 55 °C with 
shaking at 200 rpm for 16-40 h (depending on the extent of growth after 24 h some 
strains were left to recover for 48 h). Strains that grew on the TSB were streaked out 
and incubated for 16 h at 55 °C.  
3.8. Growth of Geobacillus on a simple fermentation medium 
Geobacillus species were inoculated into 5 ml of TSB and 5 ml of Nutrient Broth 
(Beef Extract 3 g l -1, Peptone 5 g l -1 pH 6.8) medium using a single colony and 
incubated for 18 h at 55 °C in a shaking incubator, with shaking at 200 rpm. Cultures 
were then scored for growth by the appearance of colonies after 24 and 48 h. 
3.9. Cryo-storage of Geobacillus spp. 
After growth on simple medium was achieved 5 ml of TSB inoculated with a single 
colony from a TSA plate were incubated at 55 °C for 16 h. Following this 1 ml of the 
stationary phase culture was inoculated into 50 ml of TSB medium, which was 
incubated at the same conditions as described above for 5-6 h. The subsequent 
culture was then used to make 5x 15 % glycerol cryo-stocks. These were flash frozen 
in liquid nitrogen and stored at -80 °C. It was important to test the viability of all 




stocked strains to recover from the storage process. To test viability cryo-stocked 
strains were streaked onto TSA plates and incubated at 55 °C for 24 h.  
3.10. Assessing the endogenous cellulolytic ability of Geobacillus spp. 
3.10.1. Measuring cellulose degradation as a function of weight loss 
All 46 strains of Geobacillus were inoculated into 5 ml of TSB medium and grown at 
55 °C for 16 h. The overnight culture of Geobacillus was then used to inoculate 50 ml 
of Ammonium Sulphate Medium (ASM) (8 mM citric acid, 5 mM magnesium sulphate, 
20 mM sodium di-hydrogen orthophosphate,10 mM potassium sulphate, 25 mM 
ammonium sulphate, 80 µM calcium chloride, 1.65 µM sodium molybdate, 0.1 % w/v 
yeast extract, 5 ml l-1 Trace Element Solution, 1.44 g l-1 zinc sulphate 7H2O, 0.56 g l-1 
cobalt sulphate 6H2O, 0.25 g l -1 copper sulphate 5H2O, 5.56 g l-1 ferrous sulphate 
6H2O, 1.69 g l-1 manganese sulphate, boric acid 0.08 g l-1, 12 M sulphuric acid 0.5 % 
v/v, pH adjusted to pH 7.0, add 40 mM Bis- Tris and 1 % w/v glucose/ cellobiose/ 
Avicel (microcrystalline cellulose with an average particle size of 50 µm)after 
autoclaving) Medium supplemented with 1 % Avicel. The 50 ml ASM Glucose/ 
Cellobiose/ Avicel cultures were grown for 2 weeks and the weight was recorded 
every 3 – 4 days. The percentage mass loss of the liquid culture was measured 
compared to a negative control, containing no inoculum. The experiment was 
performed in triplicate.   
3.10.2. Screening of Geobacillus spp. for endoglucanase activity 
Each strain was streak plated from cryo-stock onto TSA. Glycerol stocks were kept in 
liquid nitrogen during plating. The plates were incubated at 55 °C for 16 h. A single 
colony was returned and streaked onto TB-ASM agar (ASM, 1% w/v tryptone, 1% 
w/v cellobiose, 15 % w/v agar). The plates were then incubated for 24 h at 55 °C. 
Following incubation, 10 ml of 0.8 % agar supplemented with 0.25 % medium 
viscosity carboxymethylcellulose (CMC) (Teather & Wood 1982) or 1 % beachwood 
xylan (Wood & Weisz 1987; Teather & Wood 1982) was overlaid onto plates, 
incubated at 55 °C for 24 h. Approximately 10 ml of 1 % 3, 3’-([1,1´-biphenyl]-4, 
4´diyl) bis (4- aminonapthalene -1- sulphonic acid) sodium salt (Congo red) was 
added to plates following the required incubation and left for 20 min. The stain was 
then removed and the plates were destained for 20 min with 1 M sodium chloride 
solution. Following staining, black and white photos of the plate were taken with the 
myECL imager (ThermoFischer Scientific).  




3.10.3. Utilisation of short chain polysaccharides by Geobacillus sp. 
The 44 selected Geobacillus strains were grown on TTE (ASM trace elements 
supplemented with 1.5 % tryptone and) 1 % w/v cellobiose, 1 % w/v cellotriose, 1 % 
w/v cellotetraose and 0.43 % w/v cellohexose. Overnight TSB cultures were 
inoculated from TSA plates with a single colony, grown at 55 °C, with shaking at 200 
rpm for 16 h. 50 µl aliquots were transferred to a 96 well plate. Cells were pelleted at 
4000 g for 3 min. The resulting pellet was washed with 200 µl of phosphate buffered 
saline (PBS; sodium chloride 9 g l -1, sodium phosphate dibasic 0.795 g l-1, potassium 
phosphate monobasic 0.144 g l-1, pH 7.4). The pellet was re-suspended in 100 µl of 
the TTE + polymer media. The 96 well plate was sealed inside a plastic zip-lock bag 
and placed at 55 °C shaking at 200 rpm for 48 h. After incubation, the culture from 
each well was transferred into 1.5ml microfuge tubes. The samples were centrifuged 
at 15,000 rpm for 10 min to completely pellet the cells. The supernatant was 
transferred to a 2 ml glass vial with 100 µl inserts for HPLC analysis on an Agilent Hi-
Flex Na column with a pore size of 10 µm. A 20 µl sample was injected into the 
HPLC (Dionex 3000 HPLC with a Shodex RI detector). The mobile phase was 
deionised water with a flow rate of 0.2 ml min-1. The temperature of the column was 
85 °C. 
3.10.4. Supernatant protein purification 
A single colony was inoculated into 5 ml of TSB from TSA and incubated at 55 °C 
with shaking at 200 rpm, for 16 h. A 1 ml aliquot of this culture was then inoculated 
into 50 ml of TB-ASM containing 0.25 % CMC (w/v) as a carbon source. After 24 h 
incubation at the same conditions as before a 1 ml sample was transferred into a 1.5 
ml microcentrifuge tube which was centrifuged (15,000 rpm, 5 min, room 
temperature). A 250 µl sample of supernatant was then transferred to a 2 ml glass 
vial and this was used for HPLC.  
The remaining culture was placed on ice for 10 min, centrifuged at 4000 x g for 10 
min and a 10 ml of supernatant sample transferred to a 50 ml centrifuge tube. 40 ml 
of cold acetone (-20 °C) was added. The lysate and acetone mixture was transferred 
to -20 °C for 1 h. After incubation the samples were centrifuged (4,000 x g for 10 
min). The supernatant was removed and the pellet was placed at room temperature 
to allow the residual acetone to evaporate. Once dry the remaining pellet was 
dissolved in 2 ml of PBS and the resulting protein solution stored at 4 °C.  




3.10.5. Endoglucanase activity of crude extracellular protein extract 
Purified protein  was incubated with 250 µl of 0.25 % CMC (w/v) in 50 mM citrate 
buffer (pH 5.8) (Bartosiak-Jentys et al. 2013) at a 1:1 volume:volume ratio,  vortexed 
for 5 s and a 9 µl sample was taken and transferred directly into a 96 well PCR plate 
for quantification of reducing sugars. The remaining solution was incubated 
horizontally in a 55 °C incubator, shaking at 200 rpm for 6 h. After incubation another 
9 µl sample was taken and reducing sugars were quantified. 
In order to quantify reducing sugar concentration a colourimetric DNS assay was 
used (Bartosiak-Jentys et al. 2013; Zambare et al. 2011; Kanafusa-Shinkai et al. 
2013; Cava et al. 2008; Assareh et al. 2012). First, 9 µl of sample was mixed with 
171 µl of the 3,5-dinitrosalycylic acid reagent (3,5-dinitrosalysylic acid 10 g l -1, 
sodium potassium tartrate tetrahydrate 30 g l-1, sodium hydroxide 16 g l-1) in a 96 well 
PCR plate. The plate was heated in a thermo-cycler at 100 °C for 1 minute and 
cooled to 20 °C for 2 min. The 180 µl sample was transferred to a black flat bottomed 
96 well plate (Corning Costar) and the absorbance was then measure at λ 540 nm 
and λ 580 nm (TECAN M200 infinite plate reader). Reducing sugar concentration 
was calculated based on a D-glucose standard curve (Figure 5). 
  





Figure 5 Standard curve of D-glucose quantified using the 3, 5-dinitrosalysylic acid 
assay. 
The graph above shows the absorbance of different D-glucose standards at λ 540 
nm and λ 580 nm following a 1 minute incubation of 9 μl of glucose solution with 171 
μl of 3, 5-dinitrosalycylic acid. Absorbance was measured using a TECAN M200 
plate reader. Readings were taken in triplicate. The mean of these three readings is 
plotted. The standard curve will be used to calculate the sugar released from 
cellulose following incubation with cellulase proteins in future experiments. Readings 
were performed in triplicate. Error bars represent standard deviation. (Line fit using 
linear regression. λ540 R2 = 0.9411, λ580 = 0.9785). 
  




3.11. Investigating the growth of Geobacillus spp. in Typtic Soy Broth. 
Single colonies from TSA plates were used to inoculate 5 ml of TSB medium and 
incubated for 16 h at 55 °C with shaking at 200 rpm. Following this, 1 ml of 16 h 
cultutre was inoculated into 50 ml of TSB medium and grown for 24 h under the 
growth conditions. Two 250 µl samples were aliquoted into a flat black 96 well plate 
(Corning Costar) and the O.D600 was measured using a TECAN M200 infinite plate 
reader.  
3.11.1. Preparation of chemically competent Escherichia coli S17-1 
The conjugal donor strain Escherichia coli S17-1 (genotype TpR SmR recA, thi, pro, 
hsdR-M+RP4: 2-Tc: Mu: Km Tn7 λpir) was cultured and used to make chemically 
competent cells (protocol modified from (Hanahan 1985)) A single colony of E. coli 
S17-1, from a LB plate (provided by Dr. Chloe Singleton at the University of Exeter) 
was used to inoculate 5 ml of LB medium. E. coli S17-1 was grown overnight at 37 
°C in a shaking incubator at 225 rpm. The resulting culture was inoculated into 40 ml 
of LB in a 250 ml flask, and incubated under the same conditions to an optical 
density (O.D600) of ~0.6. The culture was then transferred to a 50 ml centrifuge tube 
and centrifuged at 4000 g at 4 °C for 5 min. The supernatant was removed and the 
remaining pellet re-suspended in 8 ml of TF-1 (potassium chloride 7.4 g l-1, calcium 
chloride 2H2O 5 g l-1, glycerol 150 g l-1 and 3 % 1 M potassium acetate pH 7.5 v/v, pH 
to 6.4 with acetic acid and add 50 ml of 1 M manganese chloride 4H2O). The 
suspended E. coli were placed on ice for 15 min and then centrifuged as above. The 
supernatant was removed and resuspended in 4 ml of TF-2 (potassium chloride 0.74 
g l-1, calcium chloride 2H2O 11 g l-1, glycerol 150 g l-1, 20 ml of MOPS pH 6.8 pH 
adjusted with 5 M potassium hydroxide). These competent cells were stored at -80 
°C. 
  






Figure 6 An outline of the conjugal plasmid used to introduce and express genes 
into Geobacillus sp. 
The plasmid contain an ColE1 origin of replication and Bla/ampR for replication and 
selection of the plasmid in E.coli (ampicillin/ carbenicillin 100 μg/ml) and a repBST1 
Ori and kanR cassette for replication and selection in Geobacillus thermoglucosidans. 
An OriT for conjugal transfer is included in the plasmid. pS797 is BioBricks 
compatible (RFC 10). Full vector sequence is available in appendix 1. Plasmid was 
obtainined from Dr. Chloe Singleton. 
  




The plasmid vector pS797 (Figure 6) contains two selection marker genes, bla/ AmpR 
and KanR TK101 for selection of transformed E. coli and Geobacillus sp. respectively. 
The plasmid contains two origins of replication; ColE1 Ori, for replication in E. coli, 
and repBST1 for replication in Geobacillus sp which has been shown to have 
homology to a family of theta replicons that have previously only been found in 
strains of Bacillus megaterium (Taylor et al. 2008). The plasmid is compatible with 
BioBricks RCF10 standardised assembly. The required genes and recognition 
sequences for conjugation are contained within the plasmid making it amenable for 
transfer by conjugation (Hwang et al. 1994; Arutyunov et al. 2011; Gubbins et al. 
2002; Lanka & Wilkins 1995). 
3.11.2. Heat shock transformation of E. coli S17-1 
Chemically competent E. coli S17-1 were thawed on ice. A 2 μl aliquot of freshly 
prepared plasmid DNA was added to the competent cells, mixed gently and 
incubated on ice for 30 min. The cells were transferred to a 42 °C water bath for 30 s, 
and placed on ice for 2- 3 min, 500 μl of SOC medium was added. The cells were 
then transferred to a shaking incubator at 37 °C shaking incubator, with shaking at 
225 rpm for 1 h. The cells were then pelleted by centrifugation at 15,000 rpm for 1 
min. The supernatant was removed and the pellet re-suspended in 50 μl of SOC 
medium and spread plated out onto LB + ampicillin (100 μg ml -1) plates. The 
inoculated plates were incubated at 37 °C for 16 h. 
3.11.3. Conjugal transformation of Geobacillus  
The conjugal donor strain was transformed with the pS797 vector via heat shock 
transformation as previously explained. The conjugal recipient strain (Geobacillus 
thermoglucosidans DSM 2542) was plated out from a TSA slope culture onto TSA.  
The culutre was then incubated for 16 h at 55 °C. A single colony was picked and 
plated onto TSA, to give a lawn and incubated at 55 °C. The heat shock conjugal 
donor was streaked out onto LLB + Carbenicillin (100 μg ml -1), from the 
transformation plate and incubated at 37 °C for 16 h. The donor and recipient strains 
were then mixed thoroughly in 600 μl of LLB liquid medium in an approximate ratio of 
1:5 Donor: Recipient, and plated onto LLB agar plates in approximately 20 x 10 μl 
droplets. These plates were left at room temperature to dry. Once dry the plates were 
incubated at 37 °C for 7 h. Following the incubation, 1 ml of TSB is pipetted onto the 
LLB plate and the cells were re-suspended. Once re-suspended the culture was 




mixed 1:1 in TSB and 100 μl was plated onto TSA containing 12.5 μg ml -1 of 
kanamycin (TSAK). 100 µl was also inoculated into TSB containing 12.5 µg ml -1 of 
kanamycin (TSBK). These plates were incubated at 55 °C for 48 h (Cripps et al. 
2009). A WT E. coli S17-1 conjugation was performed as a negative control. 
3.11.4. Screening of Geobacillus for successful transformation. 
Firstly, single colonies were streak plated onto TSAK plates. If the colonies grew then 
this confirmed that the selected colony has resistance to kanamycin. A colony from 
the freshly streaked plate was used to inoculate 5 ml of TSBK and incubated at 55 °C 
for 16 h. Plasmid DNA was purified from the liquid culture according to the standard 
protocol (GeneJet Miniprep kit, ThermoFisher Scientific), with some modififcations; 
plasmid was purified from 10 ml of overnight culture and for the final elution step 30 
µl of elution buffer was used. The purified plasmid was digested at 37 °C using EcoRI 
and PstI according to the standard protocol (See below)(Fast digest restriction 
enzymes, ThermoFisher Scientific) . The resulting digested plasmid was resolved by 
size using gel electrophoresis (45 mM Tris-Borate/ 1mM EDTA (10.5 g l-1 Tris base, 
5.5 g l-1 boric acid, 0.1 M EDTA) containing 1 % agarose gel). The size of the purified 
plasmids were calculated based on the separation of a DNA weight marker (1 kb 
DirectLoad (Sigma Aldrich). Undigested plasmid controls were included in the digest 
experiment to confirm proper digestion. Wild type Geobacillus thermoglucosidans 
DSM 2542 used as a negative control to confirm that the electrophoretic result was a 
product of successful transformation.  
Digest protocol 
   Negative EcoRI  PstI       EcoRI /PstI  
Fast digest buffer 2 µl  2 µl  2 µl   2 µl 
DNA   5 µl  5 µl  5 µl   5 µl 
EcoRI   0 µl  1 µl  0 µl   1 µl 
PstI   0 µl  0 µl  1 µl   1 µl 
H2O   13 µl  12 µl  12 µl   11 µl 
These reactions were incubated at 37 °C for 30 min. 




3.11.5. Testing competence of selected Geobacillus sp. to transformation conjugal 
transfer of pS797.  
From the initial results from chapter 4, the plate overlay assay showed that there 
were seven species, which were able to degrade both CMC and xylan. The 
conjugation protocol (modified from Cripps et al. 2009) was tested on the seven 
strains ( G. thermoleovorans DSM 5366, G. thermoglucosidans DSM2542, G. 
gargensis DSM15378, G.jurassicus DSM15726, G. lituanicus DSM15325, G. toebii 
DSM14590, Geobacillus sp. ATCC 15952, G. stearothermophilus NCIMB8224), 
allowing the cross species compatibility of the pS797 vector and conjugation protocol 
to be assessed. 
3.12. Expression and activity of cellulase proteins in Geobacillus 
Cellulase proteins were synthesised by DNA2.0 (Menlo Park, C.A, USA). Following 
transformation, the expression and activity of the cellulase proteins were tested by 
assessing CMC degradation. Expression was assessed using a western blot and 
CMCase activity was confirmed by a well diffusion assay. 
3.12.1. Incorporation of 6xHistidine tags into the C-terminus of the cellulase proteins 
Site directed mutagenesis was used to add a 6x Histidine tag to the C-terminus of the 
CelA, CelB, Cel6B, Cel9A and CelZ. Site directed mutagenesis (NEB Q5 site 
directed mutagenesis standard protocol) was used to incorporate three histidine 
residues onto each end of the amplicon (Primer sequences are listed in Table 1) and 
recircularise the resulting PCR product.  
PCR reaction mix 
Reaction mix: 
Q5 master mix      12.5 μl 
Template (20 ng/μl)           1 μl 
Forward primer 10 μM     1.25 μl 
Reverse primer 10 μM     1.25 μl 
DMSO (added to CelA, CelZ and Cel6B)     1.5 μl 
H2O             up to 25 μl 
 





Denaturation A   98 °C   30 s 
Denaturation B   98 °C   10 s 
Annealing (A/B/6B/9A/Z)    56/67/69/64/67 °C     30 s 
Elongation (A/B/6B/9A/Z)     72 °C   5/3/2.5/3/3 min 
Elongation    72 °C   10 min 
 




Table 1 Primers used for site directed mutagenesis of cellulase proteins to introduce 
C-terminal 6x His tag sequence.  




























Following PCR amplification, a kinase, ligase, DpnI reaction (KLD) was performed 
according to the standard protocol (see below),(New England Biosciences, USA). A 
graphic representation of this reaction is shown in Figure 7. The reaction mix was 
then transformed into E. coli TOP10 via heat shock transformation. Following 
transformation 12 x single colonies were inoculated into liquid LB + ampicillin (100 μg 
ml -1). Plasmid DNA was purified from this culture and a diagnostic digest was carried 
out using EcoRI and PstI to confirm the correct plasmid size, plasmids of the 
expected size were sent for Sanger sequencing (Intergrated DNA technology (IDT). 
Kinase Ligase DpnI Protocol 
PCR product   1 µl 
2x KLD reaction buffer 5 µl 
10x KLD Enzyme mix 1 µl 
H2O    3 µl 
Incubated at room temperature for 5 min. 
3.12.2. Detection of cellulase expression by anti-His-HRP conjugated antibody 
binding  
The following strains were grown from glycerol stocks on TSA (WT) and TSAK 
(pS797 strains) plates at 55 °C in a static incubator and incubated for 24-48 h.  
 Wild type G. thermoglucosidans 
 pS797 empty vector 
 pS797 CelA 
 pS797 CelB 
 pS797 Cel6B 
 pS797 Cel9A 
After incubation, single colonies were used to inoculate 5 ml of TSB and TSB + 
Kanamycin (12.5 µg ml -1) and was grown overnight and 1 ml was inoculated into 50 
ml of TSB. From the 50 ml 2 x 1 ml samples were taken and centrifuged for 1 minute 
at 15000 rpm. Cell pellets were re-suspended in 32.5 μl of H20, 12.5 μl of LDS 
sample buffer and 5 μl of reducing agent. Samples were heated at 95 °C for 10 min 
and centrifuged at 15000 rpm for 10 min. Following centrifugation, 5 μl of supernatant 




was analysed using SDS PAGE on a 4-12% Bis-TRIS SDS PAGEat 165 volts for 35 
min. After SDS-PAGE the proteins were transferred onto a nitrocellulose membrane 
using a Pierce G2 semi dry fast blotter. Proteins were transferred onto the 
nitrocellulose membrane by applying a potential difference across the membrane 
stack at 15 volts and 1 A for 20 min. Once the proteins had been transferred the 
membrane was probed with anti-His HRP conjugated antibody (1:400) using the 
iBind for 2.5 h (Life Technology, Carlsbad, USA). The antibody probed blot was 
immersed in 6.4 ml of chemiluminescent substrate 1:1 peroxide solution: 
chemiluminescent signal enhancer) and incubated at room temperature for 5 min. 
Chemiluminescent images of the stained western blot were taken with a myECL 
chemiluminescent imager (Thermo Scientific, Waltham USA). 
3.12.3. Confirming heterologous cellulase protein activity and assessing protein 
localisation in Geobacillus thermoglucosidans 
In order to test the in vivo functionality of the cellulase genes Geobacillus  pS797 
CelA, pS797 CelB, pS797 Cel6B and pS797 Cel9A were inoculated into  50 ml of 
TSB + 12.5 µg ml -1 of kanamycin from an overnight culture. Bacteria were cultured at 
55 °C with shaking at 200 rpm for 24 h. Two 500 µl aliquots of the 24 h culture were 
transferred into 1.5 ml Eppendorf tubes. These samples were centrifuged at 15,000 
rpm for 2 min. The supernatant was aliquoted into a well in a 0.25 % CMC soft agar 
plate (0.7% agar). The pellet was resuspened in 500 µl of fresh TSB and was also 
transferred into the 0.25 % CMC agar plate (0.7 % agar). Wells were made by 
pouring molten agar around HPLC vials, the vials were then removed leaving an 
approximately 600 µl cavity in the surface of the agar. Plates were incubated at 55 °C 
for 24 h. In order to visualise CMC degradation plates were stained with 0.1 % Congo 
red for 10 min and destained with 1 M sodium chloride for 20 min. Images of the 
stained wells were taken with a Canon Power shot 5X50 HS camera. Two biological 
replicates were performed. 
The well diffusion assay was used to test the activity of the cellulase proteins at 65 
°C and 75 °C. The protocol was carried out on the supernatant of a 24 hour culture of 
Geobacillus and incubated at 65 °C and 75 °C for 24 h and stained as described 
above. 




3.12.4. Assessing the in vitro activity of cellulase proteins from G. thermoglucosidans 
with zymography. 
Single colonies were inoculated into 5 ml of TSB and TSB containing kanamycin 
(12.5 µg ml-1) and incubated for 16 h at 55 °C, shaking at 200 rpm. A 1 ml aliquot 
was inoculated into 50 ml of TSB which was incubated as before. From the 50 ml a 1 
ml samples was taken and spun down for 1 minute at 15,000 rpm. The supernatant 
was removed and combined with 32.5 μl of H20, 12.5 μl of LDS sample buffer and 5 
μl of reducing agent. The cell pellet was re-suspended in 32.5 μl of H20, 12.5 μl of 
LDS sample buffer and 5 μl of reducing agent. The samples were heated at 95 °C for 
10 min and centrifuged at 15,000 rpm for 10 min. Following this, 5 μl of supernatant 
was analysed using SDS PAGE on a 4-12 % Bis-TRIS SDS PAGE gel containing 0.1 
% CMC and run at 165 volts for 35 min. Following electrophoresis, the gel was rinsed 
with water, then incubated for 1 hour in 2.5 % (v/v) Triton X-100, sodium phosphate 
buffer (50 mM pH 6.5). The buffer was then replaced with the same buffer and the 
gel was incubated for 12 h at 55 °C. The gel was stained with 0.1 % Congo red for 20 
min and destained with 1 M NaCl for 20 min (Assareh et al. 2012). Supernatant and 
cell pellet samples were run on individual gels. 
  



















Figure 7 Overview of Q5 Site Directed Mutagenesis: C-terminal 6x His tag 
sequence addition to CelA, CelB, Cel6B and Cel9A. 
The figure above outlines Q5 Site Directed Mutagenesis. 1) Plasmid pS797 + CelA, 
CelB, Cel6B and Cel9A genes were purified and used as template DNA for plasmid 
linearisation by PCR. 2) The primers used to amplify the plasmid have 5´ tails. These 
incorporate the desired sequence insertion into the original sequence into the 
plasmid sequence. 3) The linear PCR product has the introduced sequence on each 
of the DNA strand. 4) The KLD reaction circularises the linear DNA giving the final 
plasmid with the introduced sequence. This protocol was used in this study to insert a 








3.12.5. The effect of cellulase expression on growth 
In order to test the effect of cellulase expression on the growth of Geobacillus 
thermoglucosidans DSM 2542, the growth of wild type G. thermoglucosidans 
DSM2542 and G. thermoglucosidans DSM2542 transformed with pS797 vector, 
pS797 CelA pS797 CelB, pS797 Cel6B or pS797 Cel9A were cultured and growth 
was measured. The six strains were inoculated from a plate. A 5 ml aliquot of TSB +/- 
kanamycin (12.5 μg/ml) was inoculated with each strain and incubated at 55 °C with 
shaking at 200 rpm for 16 h. A 1 ml aliquot of this culture was inoculated into 50 ml of 
TSB +/- kanamycin (12.5 μg ml -1). This was incubated further, under the same 
conditions for 24 h. The optical density (OD600) of 250 μl of culture was measured 
using a TECAN M200 Infinite plate reader. Three biological replicates were 
performed and OD readings of each culture were taken in duplicate. 
3.13. Exchanging PldhA for ParaE to facilitate control of CelA expression 
The cellulase genes were initially synthesised so that gene expression was regulated 
by a lactate dehydrogenase promoter (PldhA) taken from Geobacillus 
thermoglucosidans DSM2542. Gene expression under the PldhA promoter is 
dependent on the oxygen concentration (Bartosiak-Jentys et al. 2012), with gene 
expression being induced under microaerobic conditions. The requirement of 
microaerobic conditions limits control of expression and may not be compatible will 
optimum growth conditions.  
An inducible system would allow large amounts of culture to be grown quickly, 
without the burden of gene expression and then induced by the addition of the 
required inducer. In order to test this the PldhA was exchanged for an arabinose 
inducible promoter (ParaE) to yield pS797 ParaE::CelA. ParaE was inserted into switched 
using Gibson assembly (Gibson et al. 2009). An overview of Gibson assembly can be 
seen in Figure 8. 
The two parts, pS797 CelA not including the PldhA promoter (Part A) and ParaE (Part 
B) were amplified using Phusion Polymerase (see below) using the primers listed in 
Table 2. Following PCR the products were purified using a PCR clean up column 
(Thermo Scientific). The resulting purified Parts A and B, were quantified (using a 
Quibit spectrophotometer, Thermo Scientific) and diluted to the appropriate 
concentration. The two parts were then mixed in a ratio of 1:1 and 1:5 (A:B). 




PCR reaction mix 
Reaction mix: 
Phusion master mix       12.5 μl 
Template (20 ng μl-1)           1 μl 
Forward primer 10 μM      1.25 μl 
Reverse primer 10 μM      1.25 μl 
DMSO          0.5 μl 
H2O                  up to 25 μl 
 
Heat cycle: 
Denaturation A   98 °C        30 s 
Denaturation B   98 °C        10 s 
Annealing (araE/ CelA)      60 °C/72 °C          30 s 
Elongation (araE/ CelA)      72 °C          0.5/5 min 
Elongation    72 °C    10 min 
 
















Primer name Sequence 
pS797 CelA Forward ATGAAGCGTTATCGTCGCATCATC 
pS797 CelA Reverse CTCTAGAAGCGGCCGCGAATTC 
ParaE Forward cggccgcttctagagGGAGGTGACCTCAAAAGC 
ParaE Reverse cgacgataacgcttcatTTTTCCCCCTCCTAAAATTTG 
CelA + ParaE Seq Forward CCTACAGCGTGAGCTATGAGAAAGC 
CelA + ParaE Seq Reverse GTCAAACCAACCACCCGTCAGG 




Gibson assembly reaction mix: 
Ratio         1:1         1:5 
Gibson assembly master mix   10 μl       10 μl 
Part A (0.021 pmol)       2 μl         2 μl 
Part B (0.05 pmol)       1 μl         5 μl   
H2O         7 μl         3 μl 
The Gibson assembly reaction was incubated in a thermocycler at 50 °C for 15 min. 
Following this 2 μl of the reaction was transformed into E. coli DH5α by heat shock 
transformation at 42 °C. Colonies returned following transformation were incubated 
for 16 h in LB containing Ampicillin 100 μg ml -1 at 37°C. The plasmid DNA then 
purified and digested as described below. A total of 12 colonies, 6 from each reaction 
ratio, were grown for plasmid purification and digest with XbaI and NdeI to confirm 
plasmid size. 
 
Plasmid Digest following Gibson assembly 
Fast Digest buffer    2 μl 
DNA      2 μl 
Restriction enzyme (XbaI and NdeI) 1 μl 
H2O      up to 20 μl 
 
The restriction enzyme digest of plasmids yielded by Gibson assembly was 
incubated at 37 °C for 30 min. Following digestion the digest reaction mix was 
separated by gel electrophoresis on a 1 % agarose TBE gel at 120 volts for 90 min to 
separate the digestion products by size.  
The correctly assembled plasmid was transformed into E. coli S17-1 as conjugation 
was carried out as previously described. Once conjugated, ten Geobacillus colonies 
were grown and plasmid DNA was purified using a mini prep kit (Thermo Scientific, 
Waltham, USA) following slight modifications to the protocol (10 ml of culture used for 




miniprep and the purified DNA was eluted into 30 μl of H2O). The purified DNA was 
digested as described above. 
Once the transformation of the newly constructed pS797 ParaE::CelA had been 
verified the required inducer concentration and the effect of induction on cell growth 
were assessed as described in the following section.  
  

















Figure 8 An outline of Gibson assembly.  
1) Plasmids containing the respective parts are purified. 2) Primers are designed that 
will amplify Part A (Black and Red) and Part B (Blue and Green). The primers that 
amplify Part B each have a 5´ tail sequence that does not anneal to the Part B 
plasmid, but overlap with the 5´ and 3´ of Part A. 3) PCR is carried out and the 
resulting products are purified. 4) These PCR products are then added to the Gibson 
reaction mix at ratios of 1:1 and 1:5 (Part A:Part B) and incubated at 50 °C for 15 
min. During this incubation time the 3´ to 5´ exonuclease digests the DNA to give 
single stranded overhanging sequences. Because of the overlapping sequence 
added during part amplification these overhangs are complementary to each other. 5) 
The overhanging sequences align; any gaps in the sequence are then filed by a 
polymerase and the phosphate backbone of the DNA strands are repaired by a 








3.7.1. Induction of CelA expression by arabinose 
In order to uncouple cell growth and protein expression the CelA gene was placed 
under control of an arabinose inducible promoter (ParaE). Geobacillus 
thermoglucosidans DSM2542 wild type, pS797, and pS797 ParaE::CelA were grown 
from single colonies for 24 h at 55 C with shaking at 200 rpm. A 1 ml inoculum was 
then added to 50 ml of TSB +/- kan12.5 µg ml -1 containing different arabinose 
concentrations (0, 0.1, 0.2, 0.4, 0.6 % w/v). The bacteria were inoculated for 24 h at 
55 C with shaking at 200 rpm. A 1 ml sample was centrifuged at 15,000 rpm for 1 
min. A 250 µl sample of supernatant was taken and used to measure CelA activity 
using the well diffusion assay (as previously described). Another 250 µl sample was 
taken for HPLC to assess arabinose degradation. A 20 µl sample was then taken and 
injected into the HPLC (Dionex 3000 HPLC with a Shodex RI detector). The mobile 
phase was deionised water with a flow rate of 0.2 ml min-1. The temperature of the 






4.1. Chassis selection for consolidated bioprocessing 
4.1.1. Rationale 
The first aim of this research project was to screen the 44 publicly available species 
of Geobacilli (Table 3), for the ability to degrade cellulose. Other desirable 
characteristics were assessed such as: ease of storage and transport, growth rate, 
cellulose degradation, glucose polymer utilisation, utilisation, xylan degradation and 
competence. The results of the Geobacillus spp. trait screening are shown in this 
chapter.  
4.1.2. Growth of Geobacillus on simple medium 
Screening for presence or absence of growth on a simple medium was carried out. 
Growth on simple medium is a desirable characteristic because it simplifies the 
optimisation of fermentation. It was found that all the strains tested were able to grow 
on both TSA and TSB (Table 4). 
4.1.3. Revival of Geobacillus following cryo-storage 
All ordered strains were revived from the provided bacterial biomass. Of the strains 
obtained all except GB17 and GB23 were successfully revived; as such GB17 and 
GB23 were not used for the remainder of this study. The viability of Geobacillus spp. 
following cryo-storage is highlighted in Table 4. 
 









Source Medium Reference 







(Zarilla & Perry 1987) 
GB2 G. thermoleovorans T4 
DSM 
14791 
DSMZ TSA (Tai et al. 2004) 

































9A21 BGSC TSA (Stenesh et al. 1968) 
GB10 














(Poli et al. 2012) 






(Nazina et al. 2001) 






(Golovacheva et al.) 






(Manachini et al. 2000) 
GB15 G. thermoglucosidans 
DSM 
2542 
DSMZ TSA (Suzuki et al. 1983) 




(Ahmad et al. 2000; 
Fortina et al. 2001)  
GB17 G. debilis 
DSM 
16016 
DSMZ TSA (Banat et al. 2004) 
GB18 G. galactosidasius 
DSM 
18751 
DSMZ TSA (Poli et al. 2011) 






(Nazina et al. 2004) 
GB20 G. jurassicus DSM DSMZ Plate (Nazina et al. 2005) 




15726 count agar 






(Kuisiene et al. 2004) 
GB22 G. pallidus 
DSM 
3670 
DSMZ  (Anon 1988) 
GB23 







(Poli et al. 2012) 
GB24 G. tepidamans 
DSM 
16325 
DSMZ TSA (Schäffer et al. 2004) 
















(Cihan et al. 2011) 
GB27 G. toebii 
DSM 
14590 
DSMZ TSA (Sung et al. 2002) 







(Caccamo et al. 2000) 




ATCC TSA (Fong et al. 2006) 
GB30 














































































GB40 G. stearothermophilus NCIMB NCIMB Lysine  




Alpha 7 10280 agar 












































Table 4 The presence or absence of growth of Geobacillus spp. on TSB and TSA 











GB1 ✓ ✓ ✓ 
GB2 ✓ ✓ ✓ 
GB3 ✓ ✓ ✓ 
GB4 ✓ ✓ ✓ 
GB5 - - ✓ 
GB6 ✓ ✓ ✓ 
GB7 ✓ ✓ ✓ 
GB8 ✓ ✓ ✓ 
GB9 ✓ ✓ ✓ 
GB10 ✓ ✓ ✓ 
GB11 ✓ ✓ ✓ 
GB12 ✓ ✓ ✓ 
GB13 ✓ ✓ ✓ 
GB14 ✓ ✓ ✓ 
GB15 ✓ ✓ ✓ 
GB16 ✓ ✓ ✓ 
GB17 ✓ ✓ X 
GB18 ✓ ✓ ✓ 
GB19 ✓ ✓ ✓ 
GB20 ✓ ✓ ✓ 
GB21 ✓ ✓ ✓ 
GB22 ✓ ✓ ✓ 
GB23 ✓ ✓ X 




GB24 ✓ ✓ ✓ 
GB25 ✓ ✓ ✓ 
GB26 ✓ ✓ ✓ 
GB27 ✓ ✓ ✓ 
GB28 ✓ ✓ ✓ 
GB29 ✓ ✓ ✓ 
GB30 ✓ ✓ ✓ 
GB31 ✓ ✓ ✓ 
GB32 ✓ ✓ ✓ 
GB33 ✓ ✓ ✓ 
GB34 ✓ ✓ ✓ 
GB35 ✓ ✓ ✓ 
GB36 ✓ ✓ ✓ 
GB37 ✓ ✓ ✓ 
GB38 ✓ ✓ ✓ 
GB39 ✓ ✓ ✓ 
GB40 ✓ ✓ ✓ 
GB41 ✓ ✓ ✓ 
GB42 ✓ ✓ ✓ 
GB43 ✓ ✓ ✓ 
GB44 ✓ ✓ ✓ 
GB45 ✓ ✓ ✓ 
  




4.1.3.1. Investigating endoglucanase activity in Geobacillus spp.  
Figure 9 shows that over time the mass of all the Geobacills spp. cultures decreases, 
however this decrease is also observed in the controls, suggesting the weight loss is 
caused by evaporation and not Avicel degradation and CO2 release. There are two 
distinct groups within the data set. The strains are plotted along the xaxis in the order 
in which they were cultured (Control 2 was grown in flask type 2). All strains from 1 – 
20 were cultured in flask type 1 and 25 – 46 were cultured in flask type 2. When the 
mass of the flasks were compared following incubation, (all cultures in flask type 1 
were compared to control 1 and cultures in flask type 2 were compared to control 2) 
there is no significant different in weight loss as all fall within the standard error found 
within the control. The same is also true when we compare those cultured in flask 
type 2 and control 2.  
It is possible that there was some degradative activity occurring within the culture but 
that the assay used is not sensitive enough to detect it. A more sensitive assay was 
required for further analysis of cellulolytic ability. Because of the insensitivity of the 
assay the data is inconclusive and a better method for testing cellulolytic degradation 
was investigated. Another assay which has previously been used to identify the 
cellulolytic bacteria from the rumen of cattle is the Congo red assay (Teather & Wood 
1982). This assay is based on the clearing of carboxymethylcellulose from agar 
plates by bacterial cellulase enzymes. Congo red stains the beta-1,4 glyosidic bonds 
in polysaccharide polymers, which are degraded by cellulase proteins, thus allowing 
easy visualisation of cellulolytic activity.  
The Congo red method is appropriate for screening of cellulase activity in 
Geobacillus spp. because it is quick and simple allowing for the rapid screening of 
numerous bacterial species. Images from the plate overlay assay are shown in 
Figure 10. The strains highlighted in Table 5 were shown to clear xylan and CMC by 
Congo red staining (Figure 10). Based on this characteristic the strains GB1, GB19, 
GB20, GB21, GB27, GB30 and GB34 were selected for further characterisation. 
GB15 was able to degrade CMC but not xylan. The reason that GB15 was included 
in the further screening is because it has previously been used as a host for industrial 
fermentation of ethanol and has been engineered to express an active cellulase gene 
from and exogenous host. 




There are issues with the Congo red assay. Because of the washing steps involved 
following the staining it is possible that the peripheral parts of the colonies can 
become dislodged. The area under these peripheral areas look like zones of clearing 
but are caused by the colonies preventing full exposure to the stain. The “washing 
off” of colonies was something that was observed whilst conducting the assay. For 
this reason the results are to be treated with caution. The assay is not quantitative, 
meaning this assay cannot be used to rank the cellulolytic capabilities of the selected 
strains. An assay that would allow quantitation of cellulolytic activity was also been 







Figure 9 Weight loss of selected strains of Geobacillus cultured in ASM + 1 % Avicel following incubation for 14 days. 
Geobacillus sp. were grown in ASM + Avicel (1 %) at 55 C with shaking at 200 rpm for 14 days. The weight of the culture was 
measured. The change in weight here is represented as % of total weight remaining after 14 days. Control #1 correlates to 1-20 and 
Control #2 to 25-46. The difference between the controls is because different brands of flask were used, which had different rates of 

















Figure 10 Summary of CMC overlay assay results 
Geobacillusstrains that were able to clear CMC and xylan in 0.7 % agar when overlaid onto streak plated bacteria. The 0.7 % agar 
was supplemented with 0.25 % CMC or 1 % xylan. This was then stained with 0.1 % Congo red. The images show zones of 
clearing which indicate CMC and xylan degradation. 
 













































Similar to C56-YS93. 
Previous industrial use. 
GB19 G. gargensis DSM 15378  
GB20 
G. jurassiucus DSM 
15726 
 
GB21 G. lituanicus DSM 15325  
GB27 G. toebii  DSM 14590 Isolated from hay compost 
GB30 
Geobacillus sp. ATCC 
15952 










4.1.3.2. Utilisation of simple polysaccharides by Geobacillus spp. 
It was important to understand what glucose polymer size could be utilised by 
Geobacillus as glucose polymers are the product of cellulose hydrolysis. By 
measuring the polysaccharide concentration before and after growth on TTE media 
containing cellobiose, cellotriose, cellotetraose and cellohexose, the ability of 
Geobacillus spp. to utilise the products of cellulose degradation was assessed. 
Analysing glucose polymer degradation will also shed light on the role of Geobacillus 
in a system where cellulolytic activity may be taking place, such as a compost heap. 
If Geobacillus relies on cofermentation then this could be of future interest; for this 
reason testing the ability of Geobacillus spp. to degrade a wide variety of short chain 
polysaccharides is important.  
4.1.3.3. Short chain polysaccharide utilisation in Geobacillus spp. 
Of the strains tested some show a reduced amount of some of the polysaccharide 
sizes. GB1, 15, 19, 21, 30 and 34 all show a significant difference in the amount of 
cellobiose present compared to the control (Figure 11), , and GB1, 19 and 21 show a 
significant reduction in the amount of cellobiose following fermentation (Multiple T- 
test, Holm- Sidak method for significance testing α=5.000% (P<0.005) when 
compared to medium control. This data is presented as the change in HPLC total 
peak (Refractive Index Units (RIU) area and has not been calculated as a 
concentration (g l-1) as not enough of the glucose polymers could be obtained to 
construct a standard curve.  
  





Figure 11 The utilisation of short chain polysaccharides by Geobacillus spp. 
The change in relative peak area of cellobiose, cellotriose, cellotetraose, 
cellopentaose and cellohexose following incubation with different strains of 
Geobacillus was measured using HPLC. Strains were incubated for 48 h at 55 °C at 
200 rpm. This experiment was carried out in duplicate. Sugar concentration in culture 
supernatant was measured using HPLC with an Agilent Hi-Flex Na column with a 
pore size of 10 µm. A 20 µl sample was injected into the HPLC (Dionex 3000 HPLC 
with a Shodex RI detector). Bars correspond to cellobiose, cellotriose, cellotetraose, 
cellopentaose and cellohexose respectively from left to right. The negative control 
represents uninoculated media. Bar are, from left to right, Cellobiose, cellotriose, 
cellotetraose, cellopentose and cellohexose. One duplicate of medium control was 
excluded due to large amount of variation; the cellobiose measurement from GB27 
which does not appear to have used cellobiose was used in place of this excluded 
data. 
  




4.1.3.4. Purification of crude protein extract from Geobacillus spp. culture supernatant 
The soluble supernatant protein fraction was purified from Geobacillus spp. for 6 h at 
55 ºC. Supernatant proteins were precipitated using acetone cooled at -20 ºC. The 
precipitate was pelleted by centrifugation at 5000 g for 20 min and re-suspended in 
PBS. The mixture was incubated at a 1:1 (v:v) with 0.25 % CMC in 50 mM citrate 
buffer. This experiment was carried out in duplicate (technical replicate). Values were 
normalised against the change in reducing sugar concentration of a negative control. 
4.1.3.5. Endoglucanse activity of crude extracellular protein extract of Geobacillus 
spp. 
The following experiment was carried out on the proteins purified from culture media 
of Geobacillus spp. grown on CMC in a more quantitative manner than the Congo 
red plate staining assay. A quantitative method for measuring CMCase activity is 
required to test CMCase activity. The di-nitrosalycylic acid assay assay was selected 
as this is has previously been used to assess CMCase activity in a wide variety of 
systems, including Geobacillus (Zambare et al. 2011). The supernatant fraction was 
tested due to the diffuse nature of the zones of clearing observed in the Congo red 
plate assay and the insolubility of lignocellulose which would require an extracellular 
system for degradation. 
The DNS assay was not conclusive (Figure 12). Whilst initial observations suggested 
that the supernatant fraction of Geobacillus spp. is able to hydrolyse the glucose 
polymers, statistical tests (Paired two tail t-test: 0 h vs 6 h) showed that this 
difference is not significant (P>0.05).  Initial observations made suggest that there is 
some cellulolytic activity due to the apparent change in reducing sugar concentration 
suggests the proteins present in the soluble protein fraction may be able to catalyse 
the hydrolysis of CMC to reducing sugars, but this activity falls outside of the 
accuracy and sensitivity of the assay Further work is required here to fully quantify 
the ability of Geobacillus to hydrolyse glucose polymers. Reducing sugar 
concentration was normalised against a negative control where PBS was added 
allowing any change in reducing sugar concentration caused by heating at 55 °C to 







Figure 12 The release of reducing sugars from CMC catalysed by putative cellulase 
proteins. 
The change in reducing sugar concentration following incubation with the soluble 
supernatant protein fraction of Geobacillus spp. for 6 h at 55 °C was measured. 
Supernatant proteins were precipitated using acetone cooled at -20 °C. This was then 
pelleted and re-suspended in PBS and incubated at a 1:1 with 0.25 % CMC in 50 mM 
citrate buffer. Values were normalised against the change in reducing sugar 
concentration of a negative control. This experiment was carried out in duplicate 
(technical replicate). These results were shown to be not significantly significant (Paired 






4.1.4. Growth profile of Geobacillus spp. at 55 °C 
The five strains of Geobacillus had similar lag phases when cultivated in TSB medium 
(Figure 13) (~ 1 hour); GB15 and GB20 had a lag phase of approximately 1.5 h and 
GB30 which had a lag phase of approximately 45 min. The final optical density of the 
strains, after 24 h, was between O.D600 = 0.63 – 1.22. Most strains except for GB30 
were above an O.D600 of 0.8. It was also observed that some of the strains show a drop 
in optical density (GB30, 21, 1). The reason for this has not been confirmed but it is 
suspected that it is caused by cell flocculation following sporulation or cell lysis. The 
doubling time of the strains is between 30 and 40 min. 
4.1.5. Transformation of Geobacillus spp. by conjugation 
Using the protocol previously described, several strains of Geobacillus were transformed 
with the conjugal plasmid pS797 as shown by the gel electrophoresis image in Figure 
14, which shows that a plasmid of the correct size could be purified from Geobacillus 
following conjugation with E. coli S17-1, and selection on TSB containing 12.5 µg ml-1 
kanamycin. The strains that were successfully transformed are GB1, GB15, GB21, 
GB30 and GB34. Transformed colonies from each conjugation were grown in TSBK, the 
plasmid was purified and restriction enzymes used to confirm the plasmid size.  
4.1.6. Summary of Geobacillus species selection 
Table 56 summarises the Geobacillus spp. screening. The first stage in the screening 
was the plate overlay assay for CMC and xylan degradation as visualised by Congo red 
staining. Eight strains which showed xylan and CMC degradation were selected for 
further screening of cellulase activity. This was done by testing CMCase activity of the 
extracellular protein fraction, glucose polymer utilisation (DP2-DP6) and competence. 
Following species screening Geobacillus thermoglucosidans (GB15). Was selected for 







Figure 13 Growth of Geobacillus strains at 55 C over 24 h 
The change in optical density of the selected strains of Geobacillus when grown in TSB 
medium at 55 °C in a shaking incubator at 200 rpm. The optical density was recorded 
every hour for 8 h and then at 24 h. This was recorded using a TECAN M200 plate 
reader. The data was normalised against a medium blank. This experiment was 
performed in duplicate. Path length was 0.33 cm. Nonlinear regression curve fitted with 
Hill Slope. R2 values were as follows. GB1 = 0.9852, GB15 = 0.9739, GB19 = 0.9942, 









Figure 14 Transformation of Geobacillus strains with pS797 
DNA purified from G. thermoleovorans DSM5366 (GB1), G. thermoglucosidans DSM 2542 (GB15), G. lithuanicus 
DSM15325 (GB21), Geobacillus sp. ATCC 15952 (GB30) and G. stearothermophilus NCIMB 8224 (GB34) was 
fractionated by gel electrophoresis. The transformed strains are compared to the untransformed wild type. (Lanes are as 
follows A2-5 GB1, lane 2 is wild type undigested, lane 3 is wild type EcoRI digested, lane 4 is pS797 undigested and lane 
5 is pS797 EcoRI digest, A6-9 GB15, lanes are as before, A10-13 are GB21, B2-5 are GB30 and B6-9 are GB34. All 
EcoRI digests from the pS797 GB1, GB15, GB21 GB30 and GB34 give a band of the correct size of 4489 bp. DNA weight 
marker is a Sigma Direct load 1 kb DNA ladder (lanes A1  and B1). 
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G. thermoleovorans 1 ✓ ✓ ✓ 
Cellobiose, triose and 
hexaose 
X 
G. thermoglucosidans 15 ✓ ✓ ✓ Cellobiose ✓ 
G. gargensis 19 ✓ ✓ X 
Cellobiose, triose and 
hexaose 
✓ 
G. jurassicus 20 ✓ ✓ X X X 
G. lituanicus 21 ✓ ✓ ✓ 
Cellobiose, triose and 
hexaose 
X 
G. toebii 27 ✓ ✓ X X ✓ 
Geobacillus sp. 
NCIMB8225 
30 ✓ ✓ ✓ Cellobiose ✓ 
G. stearothermophilus 
N.R.Smith T147 
34 ✓ ✓ ✓ X ✓ 








5. Improving cellulose degradation in Geobacillus thermoglucosidans 
DSM2542. 
5.1. Rationale 
Geobacillus species were shown to have cellulolytic capabilities (Rastogi et al. 2010; 
Zambare et al. 2011). Several of the species that have reported cellulolytic activity are 
not publically available and have complex intellectual property (I.P) issues and material 
transfer agreements surrounding their use for commercial purposes. The host 
highlighted in Chapter 4, Geobacillus thermoglucosidans DSM2542, was further 
engineered to improve cellulose degradation. The genes engineered into G. 
thermoglucosidans DSM2542 were required to operate at the elevated temperatures. At 
present, control over protein expression in Geobacillus is limited by a lack of well 
characterised, constitutive and inducible promoters and it was important that the 
required gene network be simple. With these factors in mind the genes shown in  Table 
7 were selected. The attributes of each of the cellulase proteins are explained below. 
CelA from Caldicellulosiruptor bescii (previously Anaerocellum thermophilum DSM6725 
(Yang et al. 2010)) was chosen for a number of reasons. It has been shown to have a 
novel mode of action as it is able to generate cavities in the surface of lignocellulosic 
material (Brunecky et al. 2013) and is essential for  growth of C. bescii on the insoluble 
biomass fraction of plant material and untreated lignocellulosic material (Yang et al. 
2009). C. bescii is a Gram positive, thermophilic bacterium and is able to grow at 
temperatures up to 90 °C (Yang et al. 2010), with thermostable cellulase enzymes, 
published genome,  (Kanafusa-Shinkai et al. 2013) and has been used as a host for the 
production of hydrogen from lignocellulosic biomass (Cha et al. 2013). The primary 
cellulase in C. bescii is CelA. CelA is highly active up to 80 °C and is multifunctional 
(Zverlov et al. 1998). CelA has endo and exoglucanase functions (Lochner et al. 2011) 
and has even been shown to have xylanase activity (Brunecky et al. 2013). CelA has 





































































A second gene was selected for transformation into Geobacillus was CelB from 
Caldicellulosiruptor saccharolyticus. This organism was selected as the genome 
sequence (van de Werken et al. 2008) has putative multidomain gylcosyl hydrolases. 
One of these multidomain glycosyl hydrolases, CelB, was selected from C. 
saccharolyticus because it was shown that when C. saccharolyticus was grown on 
switchgrass CelB was represented in the 10 most abundant transcripts, and was able to 
degrade xylan, CMC β-glucan and arabinoxylan (VanFossen et al. 2011). It is also a 
putative functional homolog of an ancillary enzyme for which only the partial amino acid 
sequence could be found in C. bescii and so it was hypothesised that the enzymes 
might work well in combination. 
Another candidate is CelZ from Clostridium stercorarium. This endo-1,4-beta glucanase 
has a high level of homology to the endoglucanase domain of C. bescii CelA (70.4 %) 
(Zverlov et al. 1998). It is significantly smaller than CelA and has been shown to be able 
to degrade Avicel and CMC and may have both endo-glucanase and exo-glucanase 
activity (Bronnenmeier & Staudenbauer 1990). The enzyme is thermostable at 60 °C 
and no loss of activity was observed after 90 h of incubation (Bronnenmeier & 
Staudenbauer 1990) and is able to bind to crystalline cellulose, a process which is 
facilitated by a cellulose binding domain and a thermostablising domain (Riedel et al. 
1998).  
The CelB gene from Thermotoga neoplitana DSM4359 was chosen for testing in 
Geobacillus because of its similarity to Cel5A from Thermotoga maritima which has 
previously been used to improve the cellulolytic capabilities of Geobacillus (Bartosiak-
Jentys et al. 2013). 
The final organism from which genes were selected was Thermobifida fusca YX. It 
differs from the other bacteria selected as gene sources because it is aerobic. T. fusca 
has six glycosyl hydrolase genes: Cel5A, Cel6A, Cel6B, Cel9A, Cel9B and Cel48A. Of 
these genes, Cel9A was selected because Cel9A showed the highest level of activity 
against filter paper (Wilson 2004) and its unique structure and processive 
endoglucanase and exoglucanase function (Sakon et al. 1997). When exoglucanase 






which we expect Geobacillus to be able to use, but not necessarily other thermophiles, 
thus reducing substrate competition with other bacteria. Cel6B was also selected from 
this organism because it is has processive exoglucanase function (Vuong & Wilson 
2009). It is hypothesised that because Cel6B and Cel9A are from the same host, and 
have complementary function that they would improve cellulose degradation. 
It is proposed that by introducing these genes, either individually or in combination, the 








5.2.1. Transformation of cellulase genes into Geobacillus. 
Geobacillus thermoglucosidans DSM2542 was transformed with pS797 CelA (C. bescii), 
pS797 CelB (T. neopolitania), pS797 Cel6B (T. fusca), pS797 Cel9A (T. fusca), using 
the conjugation protocol as previously described (Cripps et al. 2009). Figure 15 shows 
the purified, digested plasmid, confirming transformation of the Geobacillus spp. The 
selectivity of kanamycin in each of these transformed strains was confirmed by 
comparison with negative controls, where WT S17-1 E. coli were incubated with 
Geobacillus; no growth was observed in the negative controls, indicating that growth on 
TSA + kanamycin was a result of successful plasmid transfer. Plasmid was purified from 
10 ml of overnight liquid culture. DNA was eluted into 30 µl of water, instead of 50 µl in 
an attempt to increase the plasmid concentration. This plasmid was then digested with 
EcoRI and PstI in single and double digests. Whilst the image is clear for some of the 
cellulose constructs (Figure 15), most of the expected bands can be observed (pS797 
CelA 1800 bp, 2000 bp and 4500 bp are present in double digest, pS797 Cel6B 500 bp, 
1200 bp and 4500 bp are present, pS797 CelA 2500 bp and 4500 bp are present. 
Comparison of the digested DNA from the wild type and transformed strains confirms 


















Figure 15 Gel electrophoresis of plasmids purified from Geobacillus 
thermoglucosidans DSM2542 showing transformation with pS797 CelA, pS797 CelB, 
pS797 Cel6B and pS797 Cel9A. 
The plasmid DNA was purified from 10 ml of a 16 hour liquid culture of each of the 
respective strains. The plasmid DNA was then digested with EcoRI.  The sizes of all the 
digested bands are of the expected size for each plasmid (pS797 = 4489 bp (lane 5), 
pS797 CelA = 9986 bp (lane 7), pS797 CelB = 5531 bp (lane 9), pS797 Cel6B = 6497 
bp (lane 11) and pS797 Cel9A = 7349 bp (lane 13). This gel demonstrates the correct 
transformation of each of the respective cellulase genes. Wild type control (lane 3) and 
no digest controls are included (lane2 2, 4 ,6 ,8 ,10 and 12) DNA Weight marker is 





























Figure 16 Successful recovery of pS797 CelB following plasmid loss.  
This figure shows pS797 empty vector and pS797 CelB purified from Geobacillus 
thermoglucosidans DSM2542. Lane 2-5 pS797 undigested, EcoRI digest, PstI digest 
and EcoRI + PstI double digest. Lanes 6-9 pS797 CelB are undigested, EcoRI digest, 
PstI digest and EcoRI + PstI double digest respectively. Size shift shown in lanes 3 and 
4 compared to 7 and 8 of corresponds with the size of CelB (900 bp). DNA Weight 

















During experimentation it was observed that G. thermoglucosidans pS797 CelB had lost 
its plasmid (data not shown). The reason for the loss of plasmid in G. thermoglucosidans 
DSM2542 pS797 CelB (Fig. 16) is unknown but it is suspected that long term storage of 
transformed strains on agar slopes may have resulted in the loss of plasmid. The 
analysis was repeated with cultures grown from a glycerol stock of the bacteria. 
Because the pS797 CelB slope cell line was still able to grow on kanamycin, despite 
plasmid loss, it is suspected that the Geobacillus may have incorporated the kanamycin 
selection marker into its genome.  
5.2.2. Cellulase expression and activity in Geobacillus. 
Following successful transformation of cellulase constructs into Geobacillus protein 
expression was confirmed by whole cell lysate SDS-PAGE (figure 17) and western 
blotting. Activity was then confirmed using an endoglucanase activity, well diffusion 
assay (Figure 18). SDS-PAGE showed that proteins corresponding to the size of CelA 
and CelB were present in the pS797 CelA and pS797 CelB strains of Geobacillus 
thermoglucosidans (Figure 17). Following the addition of His tags (Figure 19 for and 
Figure 20 for western blot (see appendix 2 and 3 for plasmid digest gel electrophoresis 
to confirm size and sequencing of His-tag incorporation site for confirmation of correct 
incorporation))protein expression and size was confirmed by western blotting using an 
anti- HIS HRP conjugated antibody. 
The function of each of the cellulase genes was tested using a well diffusion CMC 
staining assay (Figure 18. CelA, CelB and Cel9A were all shown to be functional using 
the assay. Cel6B is reported to be an exoglucanase and so activity against CMC was 
not expected. It was included in this experiment to test the validity of the literature. The 
data displayed in Figure 18 is not quantitative and the estimation of the halo size is 
highly subjective. Halo size (Defined as a change in colour different to that observed in 
the pS797 empty vector controls, 4 separate measurements taken at 0, 90°, 180° and 
270°): CelA supernatant 8.5 mm, cell lysate 2 mm; CelB supernatant 8.5 mm, cell lysate 
3.5 mm; Cel6B supernatant 0 mm, cell lysate 0 mm; Cel9A supernatant 5.75 mm, cell 





























Figure 17 SDS PAGE showing the production of CelA and CelB by Geobacillus 
thermoglucosaidans DSM2542. 
SDS PAGE (NuPAGE 4-12 % Bis-TRIS), showing the expression of cellulase proteins in 
Geobacillus thermoglucosidans. Each well contains 5 μl of the soluble fraction of whole 
cell lysate from 1 ml of a 24 hour culture of WT, pS797 and pS797 CelA, pS797 CelB, 
pS797 Cel6B and pS797 Cel9A. CelA and CelB are indicated by arrows; no obvious 
band can be seen for Cel6B and Cel9A. Lane 1) SeeBlue Plus2 protein marker (kDa), 
lane 2) WT, lane 3) pS797 empty vector, lane 4) CelA, lane 5) CelB, lane 6) Cel6B, lane 
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Figure 18 Degradation of CMC by CelA, CelB, Cel6B and Cel9A in culture 
supernatant from G. thermoglucosidans DSM2542 and cell pellet after 24 h.  
The table above shows the ability of culture supernatants and cell pellets of Geobacillus 
to alter the staining of CMC by Congo red (Geobacillus thermoglucosidans DSM2542 
WT, pS797, pS797 CelA, pS797 CelB, pS797 Cel6B and pS797 Cel9A). This alteration 
of staining indicates CMC degradation.  This can be clearly observed as a diffuse halo 
around the perimeter of the wells. The plate composition is 0.25 % CMC and 0.7 % 
agar. Following cell harvesting by centrifugation 250 μl of supernatant was transferred to 
a well in the plate. Wells were made by placing HPLC vials on an agar plate before 
pouring of molten agar, vials were then removed, leaving a hollow in the agar of a fixed 
volume (approximately 500 µl total volume). The remaining pellet was resuspened in 
fresh TSB and this was transferred to the plate. The plate was incubated for 24 h at 55 
°C in a static incubator. The plate was washed with Congo red to stain, for 10 min and 
destained with 1M sodium chloride for 20 min. Halo size (Defined as a change in colour 
different to that observed in the pS797 empty vector controls, 4 separate measurements 
taken at 0, 90°, 180° and 270°): CelA supernatant 8.5 mm, cell lysate 2 mm; CelB 
supernatant 8.5 mm, cell lysate 3.5 mm; Cel6B supernatant 0 mm, cell lysate 0 mm; 






The activity of CelA is of particular interest for a number of reasons. Firstly, it is a very 
large open reading frame (ORF) (5.2 kb). This is larger than anything that has previously 
been expressed in Geobacillus thermoglucosidans DSM2542 by this group. Secondly, it 
is a multidomain multifunctional protein that has endo- and exo-glucanase function with 
the highest cellulolytic activity of all the Caldicellulosiruptor cellulase enzymes (Young et 
al. 2014). This dual function of this protein makes it of particular interest as its use may 
allow for a greatly simplified cellulose degradation system. 
Figure 18 also suggests that G. thermoglucosidans is able to use putative signal 
peptides found on the N-terminus of the cellulase proteins (Table 8) to target the protein 
into the extracellular space. It can be seen that the majority of cellulase activity is 
observed in the culture supernatant. It is possible that this release of protein is caused 
by cell lysis, but it is predicted that it is a result of active protein targeting. This is 
something that requires further investigation, possibly by using LC/MS and tryptic 
digestion to identify the proteins present in the supernatant. 
5.2.2.1. Confirmation of cellulase expression by western blotting 
The pS797 + CelA, CelB, Cel6B, Cel9A and CelZ were amplified (Figure 19) using the 
His-tag Q5 primers (Table 1). Following successful PCR amplification of the pS797 + 
cellulase gene constructs with the site directed mutagenesis primers the PCR product 
was purified using a PCR clean up kit and the KLD reaction was carried out as 
previously described. This was subsequently transformed into E. coli DH5α. Single 
colonies were then grown and plasmid DNA purified. This plasmid was digested and 
shown to be of the correct expected size (appendix 2). Following size confirmation 
plasmid DNA was sent for Sanger sequencing (using the M13 fwd sequencing primer 
site in pS797 (SeqWright, GE)) and the presence of the 6xHis tag between the C 
terminal end of the respective cellulase coding sequence and the stop codon (TAATAA) 
was confirmed. Alignments of the original sequence and mutated sequence data and gel 
images of the digested plasmid are shown in appendix 3.Western blot shows the 
presence of the proteins CelA ~190 kDa, CelB 30 kDa and Cel9A ~90 kDa. Cel6B ~60 






Table 8 Predicted signal peptide cleavage sites, secretion pathway and localisation 











Thermobifida fusca YX 
Cel6B 




Thermobifida fusca YX  
Cel9A 
Yes 0.645 46-47 Yes TAT 46-47 Extracellular 
Caldicellulosiruptor 
bescii DSM6725 CelA 
Yes 0.887 24-25 No - Extracellular 
Caldicellulosiruptor 
saccharolyticus CelB 
























Figure 19 PCR amplification of the 5 cellulase genes for His Tag incorporation by Q5     
site directed mutagenesis.  
All pS797 cellulase vectors have been successfully amplified, and yield bands of the 
correct  size (pS797 Cel9A = 7349 bp, pS797 CelB = 5531, pS797 Cel6B = 6497, pS797 
CelA = 9986 bp, pS797 CelZ = 7447). Image has been compiled from several gel 
images. Images have not been modified in any other way. Cropping removed lanes in 
which the PCR was not successful or where gradient PCR was carried out. If gradient 
PCR has been carried out the temperature which yielded the brightest bands is shown 
(pS797 CelZ = 64 °C). Gel electrophoresis was at 120 volts for 90 min (pS797 Cel9A 
and CelB were run for 60 min).Diagnostic digests of the resulting plasmids are shown in 
appendix 2.. Lane 1 = Sigma Directload 1 kb ladder, Lane 2  Cel9A  negative control, 
lane 3 = pS797 CelB negative control, lane 4- = pS797 Cel9A + His tag, lane 5 = pS797 
CelB + his tag, lane 6, Sigmadirect load 1 kb ladder, lane 7 = pS797 Cel6B negative 
control, lane 8 pS797 Cel6B + His tag, lane 9 = Sigma directload 1 kb ladder, lane 10 
pS797 CelA negative control, lane 11 = pS797 CelA + His tag, lane 12 = pS797 CelZ 























Figure 20 Western blotting of His tagged cellulase protein in Geobacillus 
thermoglucosidans DSM2542.  
Blotted proteins were probed with anti-His HRP conjugated antibody at 1:400. Bands 
can be clearly seen for CelA ~190 kDa, CelB ~30 kDa and Cel9A ~90 kDa. Cel6b has a 
correct band at ~ 60 kDa and a smaller band at~50 kDa; because of the lack of this 
band in the wild type control it is suspected that this band is a product of degraded 
Cel6B. The two images shown are of the same western blot, the left hand image was 
exposed for 19 s and the right hand image for 2.5 min. The reason for this was the lower 
abundance of CelB and Cel6B. Protein samples were from whole cell lysate. No further 
purification was carried out. Lane 1 = Benchmark His tagged protein ladder, lane 2 = G. 
thermoglucosidans Wild Type, lane 3 = pS797 Empty Vector control, lane = 4 CelA, lane 
5 = CelB, lane 6 = Cel6B, lane 7 = Cel9A, lane 8 = G. thermoglucosidans Wild Type, 
lane 9 = pS797 Empty Vector, lane = 10 CelA, lane 11 = CelB, lane 12 = Cel6B, lane 13 



























observed in any of the other samples suggesting that either there is a cellular response 
to the presence of Cel6B that triggers production of a native protein, that is also bound 
by the anti-His antibody, or that Cel6B is degraded to give a ~45 kDa fragment which is 
the bound by the antibody. 
5.2.3. Zymography of cellulase proteins from G. thermoglucosidans 
The zymographic analysis of G. thermoglucosidans pS797 CelA, pS797 CelB, pS797 
Cel6B and pS797 Cel9A supernatant and cell lysate shows that CelA, CelB and Cel9A 
are active against CMC, the wild type and pS797 samples show no zones of clearing 
suggesting no CMCase activity. As shown in Figure 21 all three proteins show some 
evidence ofCMC degradation, as shown by the unstained regions in both the cell lysate 
and supernatant samples. However only CelB shows a clearly defined clearing zone (A, 
lane 5). The cause of the poor resolution and smearing of the other areas of CMC 
clearing  is unknown. This requires further investigation, to give a clear image of what is 
happening. 
5.2.4. Activity of heterologous cellulase proteins in Geobacillus at different temperatures 
A well diffusion assay was carried out at three different temperatures to test the activity 
of each of the proteins at elevated temperatures. Plates were incubated at 55 °C, 65 °C 
and 75 °C. The results of this experiment are shown in Figure 30. It can be clearly seen 
that both CelA and CelB are active at approximately the same levels at the three 
incubation temperatures as the zone of clearing is still present at all three temperatures 
(Figure 22). Halo size (Defined as a change in colour different to that observed in the 
pS797 empty vector controls, 4 separate measurements taken at 0, 90°, 180° and 270°); 
are as follows.  CelA: 55°C = 7.5 mm, 65°C = 9 mm, 75°C 10 mm, CelB: 55°C = 7.5 
mm, 65°C = 6 mm, 75°C = 9 mm, Cel9A 55°C = 4.5 mm, 65°C. Cel9A showed no 
detectable activity at 75 °C. This was unexpected as Cel9A from T. fusca has been 
previously shown to be active against Avicel at 75 °C, with its optimum temperature 
being 70 °C (Mingardon et al. 2011). This requires further investigation  
5.2.5. The effect of cellulase expression on cell growth 
In order to test the effect of constitutive cellulase expression on the growth of 





(pS797) and the four cellulase strains was carried out (Figure 23). It was found that both 
the expression of cellulase proteins and the burden of harbouring the empty vector had 
an effect on culture growth. Some cellulases had a different effect on the fitness, with 
CelB having the greatest effect. The pS797 CelB strain had a lag phase of over 8 h. 
pS797 CelA had a lag phase of 6 h, and Cel6B, Cel9A and empty vector had a lag 
phase of 5 h. Compared to the wild type Geobacillus which had a lag phase of only 2 h it 
is clear that the burden of plasmid replication, antibiotic selection and cellulase 
expression is great.  Whilst antibiotic selection pressure and plasmid burden cannot be 
mitigated it is possible to reduce the burden of cellulase expression on growth by 
switching from a constitutive system to an inducible system. It was for this reason that 
the arabinose inducible promoter, from the University of Exeter (sequence courtesy of 
Professor John Love) was investigated. Only expression of CelA and CelB seem to have 
an effect on the growth rate. 
It is interesting that CelA and CelB have a similar effect on growth. CelA is the largest 
cellulase protein expressed, whilst CelB is the smallest. It may be the burden is similar 
because the total protein (g/l) being produced is the same but the protein concentration 
differs between the strain (M). This hypothesis is consistent with the SDS-PAGE data 
shown in Figure 17 as CelB is more abundant than CelA. This is an interesting 
observation. Future research should investigate the total protein and protein 
concentration of the respective strains. It may also be that the different ORFs impact the 









Figure 21 Zymography demonstrating active cellulase expression in                                  
G. thermoglucosidans.  
The activity of CelA, CelB, Cel6B and Cel9A was confirmed by zymography. 
Supernatant and cell lysate proteins were resolved on 4-10 % stacking Bis-Tris SDS 
PAGE + 0.1 % CMC for 35 min at 160 volts. Following electrophoresis proteins were 
renatured in 2.5 % (v/v) Triton X-100, sodium phosphate buffer (50 mM pH 6.5). The 
buffer was then replaced and the gel was incubated for 12 h at 55 °C. The gels were 
stained with 0.1 % Congo red for 20 min and destained with 1 M NaCl for 20 min 
(Assareh et al. 2012). Gel A = supernatant samples. Lanes are as follows: 1 = SeeBlue 
Plus Protein ladder, 2 = G. thermoglucosidans Wild type, 3 = pS797 vector control, 4 = 
pS797 CelA, 5 = pS797 CelB, 6 = pS797 Cel6B, 7 = pS797 Cel9A. Gel B = cell lysate 
samples. Lanes are as follows: 1 = SeeBlue Plus Protein ladder, 2 = G. 
thermoglucosidans Wild type, 3 = pS797 vector control, 4 = pS797 CelA, 5 = pS797 
CelB, 6 = pS797 Cel6B, 7 = pS797 Cel9A. The light areas on the gel indicate clearing of 
CMC and therefore cellulase activity.Marker sizes could not be properly assigned to this 
gel as the ladder diffused from the gel image during the renaturing and incubation 
process. 
  





Figure 22 CMCase activity of cellulase proteins (CelA, CelB, Cel6B and Cel9A) in 
Geobacillus thermoglucosidans culture supernatant at different temperatures.  
 55 °C 65 °C 75 °C 
pS797 
   
pS797 CelA 
   
pS797 CelB 
   
pS797 
Cel6B 
   
pS797 
Cel9A 





This figure shows the CMCase activity of Geobacillus thermoglucosidans culture 
supernatant after 24 h of growth in TSB +/- kanamycin at 55° c, when transformed with 
pS797 empty vector, pS797 CelA,pS797 CelB, pS797 Cel6B and pS797 Cel9A at 55 °C, 
65 °C and 75 °C. Activity was tested using the well diffusion assay as previously 
described. Halos around the wells show zones of clearing highlighting degradation of 
CMC by the enzymes. The stain used is 0.1 % Congo red. The data for the wild type 






5.2.6. Exchange of PldhA with the arabinose inducible ParaE promoter by Gibson 
Assembly 
The ldhA promoter which controls CelA expression was successfully exchanged, by 
Gibson assembly (Gibson et al. 2009)with the ParaE promoter. ParaE is an arabinose 
inducible promoter taken from Geobacillus thermodenitrificans. It was shown to switch 
on gene expression in the prescence of arabinose (Exeter, unpublished data). By 
placing CelA under the control of this inducible promoter, protein expression can be 
uncoupled from growth. It is hypothesised that by growing Geobacillus to a high cell 
density and then inducing growth a more efficient protocol for CelA expression can be 
developed. 
5.2.7. Part amplification and Gibson assembly 
Firstly, ParaE and pS797 CelA backbone were amplified by PCR as shown in Figure 24 
part B and C. The resulting parts were assembled using Gibson assembly. The E. coli 
DH5 colonies from the Gibson assembly culture and plasmid DNA was purified, the 
resulting plasmid was then digest with NdeI and EcoRI  
The purified plasmids from 6 colonies of each strain were digested with EcoRI and NdeI 
in a single and double digest. NdeI cut within the area and nowhere else in the pS797 
CelA plasmid. EcoRI cut once an E. coli TOP10 were shown to be positive. Following 
plasmid digest with EcoRI and NdeI to confirm the size (appendix 2). Selected samples 
were then sent for sequencing with the following sequencing primers; araE fwd – 
CCTACAGCGTGAGCTATGAGAAAGC and ParaE Rev - 
GTCAAACCAACCACCCGTCAGG. Sanger sequencing of the pS797 ParaE::CelA 
showed that the ParaE had been successfully inserted into the pS797 CelA plasmid in the 
correct location (Figure 25) . There have been no indels or concantamer insertion in the 
cloning site. It is possible that the PCR of the pS797 CelA has introduced errors into the 
vector. However given the low error rate and proof reading of Phusion polymerase this is 
unlikely (error rate = 4.4 x10-7(NEB)). Following sequencing the correct plasmid was 
transformed into TOP10 for storage and S17-1 for conjugation into Geobacillus. 
Colonies from both TOP10 and S17-1 were all shown to contain correctly assembled 
plasmid. The E. coli S17-1 transformed with pS797 ParaE::CelA was then used to 





Geobacillus and digested with NdeI and XbaI (Figure 26). This showed that the correct 







Figure 23 Growth profile of Geobacillus thermoglucosidans DSM2542, and the effect 
of cellulase (CelA, CelB, Cel6B and Cel9A) expression on lag phase length (h).  
The impact of constitutive cellullase expression was investigated by observing the 
change in optical density following growth at 55 °C for 24 h in 50 ml of TSB medium. 
The optical density of the cultures was measured using a TECAN M200 infinite plate 
reader and normalised against a medium blank. 250 μl samples were taken for each 
reading. This experiment was carried out in triplicate and each reading was taken in 
duplicate giving 6 readings per strain at each time point. Data points represent the mean 
of these replicates. Error bars represent standard error. Data is fitted using a Hill Slope. 
R2 = wild type = 0.8706, pS797 = 0.8901, pS797 CelA = 0.900, pS797 CelB = 0.9780, 
pS797 Cel6B = 0.9767, pS797 Cel9A = 0.8388. Blank corrected against TSB medium. 
The cause of the negative reading early in the growth curve is unknown as these were 








Figure 24 Promoter 
exchange of PldhA with ParaE, 
by Gibson assembly based 
cloning 
This figure shows the steps 
involved in Gibson assembly 
of two parts to create pS797 
ParaE :: CelA. Digest of 
plasmids with EcoRI shows 
that the plasmids used as 
PCR template are the size 
expected. The EcoRI digest 
of pS797 CelA gave a band of ~ 
9500 bp (lane 3) and the 
digest of pS797 ParaE ::Gtn1 
gave a band of the correct size (~6000 bp) (lane 5). PCR amplification of ParaEgave the 
expected PCR band forParaE (250 bp) and pS797 CelA (9500 bp) are present (lane 9 
and lane 15) indicating correct part amplification. Problems were encountered when 
amplifying pS797 CelA from plasmid stocks (lanes 7, 8, 12 and 13), plasmid was freshly 
prepared and this led to full amplification (Lane 15) All gels shown were a 1 % agarose 
gel run at 120 volts. Lane 1 = Sigma Directload 1 kb ladder, lane 2 = undigested pS797 
CelA,lane 3 = EcoRI digested pS797 CelA, lane 4 = undigested pS797 ParaE :: Gtn1, 
lane 5 = EcoRI digested pS797 ParaE::Gtn1, lane 6 =  Sigma directload 1 kb ladder, lane 
7 pS797 CelA negative control (failed PCR), lane 8 = pS797 CelA (failed PCR), lane 9 = 
amplified ParaE,lane 10 = ParaE negative control, lane 11 = Sigma directload 1 kb ladder, 
lane 12 = pS797 CelA negative control (failed PCR- old template), lane 13 = pS797 
CelA (failed PCR, gave truncated band size with old template), lane 14 = pS797 CelA 















CelA     GGANAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGG     80 
pS797    GGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGG     1560 
 
CelA     GGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG     140 
pS797    GGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG     1620 
 
CelA     ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTT     200 
pS797    ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTT     1680 
 
CelA     TTTACAGGAAACAGCTATGACCATGGAATTCGCGGCCGCTTCTAGAGGGAGCTGACCTCA     260 
pS797    TTTACAGGAAACAGCTATGACCATGGAATTCGCGGCCGCTTCTAGAGGGAGCTGACCTCA     1740 
 
CelA     AAAGCCGCCTGCCTTCCACAGACATACTAGATATCGATTCAAGGAAGATTCATTGTTTAC      320 
pS797    AAAGCCGCCTGCCTTCCACAGACATACTAGATATCGATTCAAGGAAGATTCATTGTTTAC      1800 
 
CelA     ATATGGTAATCAAAAAGGGTGTCCCAATTTGTAGGGACATCTTTCTTTTTTTGAAAACGC      380 
pS797    ATATGGTAATCAAAAAGGGTGTCCCAATTTGTAGGGACATCTTTCTTTTTTTGAAAACGC      1860 
 
CelA     TTCAATAAAGTTAAATTTTTATAAAAATCGTTAATTGATTAAAAAGACGTACAATTTAAT      440 
pS797    TTCAATAAAGTTAAATTTTTATAAAAATCGTTAATTGATTAAAAAGACGTACAATTTAAT      1920 
 
CelA     CAATGATATAGTAAAAGCACGAAGAAAATATACGTACAAATTTTAGGAGGGGGAAAAATG      500 
pS797    CAATGATATAGTAAAAGCACGAAGAAAATATACGTACAAATTTTAGGAGGGGGAAAAATG      1980 
 
CelA     AAGCGTTATCGTCGCATCATCGCTATGGTCGTGACGTTCATCTTCATTCTGGGTGTGGTG      560 
pS797    AAGCGTTATCGTCGCATCATCGCTATGGTCGTGACGTTCATCTTCATTCTGGGTGTGGTG      2040 
 
CelA     TACGGCGTTAAACCGTGGCAAGAGGTTCGTGCTGGCAGCTTCAATTACGGTGAAGCGCTC      620 
pS797    TACGGCGTTAAACCGTGGCAAGAGGTTCGTGCTGGCAGCTTCAATTACGGTGAAGCGCTC      2100 
 
CelA     CAGAAAGCGATCATGTTCTACGAGTTTCAGATGAGCGGTAAGCTGCCGAACTGGGTCCGC      680 
pS797    CAGAAAGCGATCATGTTCTACGAGTTTCAGATGAGCGGTAAGCTGCCGAACTGGGTCCGC      2160 
Figure 25 Alignment of pS797 ParaE ::CelA expected sequence and the Sanger 
sequencing data from the araE CelA_Fwd sequence read. 
Sequence alignment (Clustal) shows that the plasmid has been correctly assembled 







Figure 26 Transformation of pS797 ParaE::CelA purified into Geobacillus 
thermoglucosidans by conjugation. 
Gel electrophoresis image of purified DNA from Geobacillus thermoglucosidans showing 
transformation with the pS797 ParaE::CelA. Plasmid purified from GB15 was digested 
with EcoRI and NdeI (Gel E). Colony #2 and Colony #6 number have bands of the 
expected size following the XbaI and NdeI digest. Lanes are grouped in threes 
according to the treatment of the purified DNA as follows: undigested, NdeI digest and 
XbaI digest as follows lanes2-4 = pS797, lanes 5-7 Wt, lanes 8-10 = pS797 ParaE::CelA 
#1, lanes 11-13 = ParaE::CelA #2, lanes 14-16 = ParaE::CelA #3, lanes 19-21 = ParaE::CelA 
#4, lanes 22-24 = ParaE::CelA #5, lanes 25-27 = ParaE::CelA #6, lanes 28-30 = ParaE::CelA 
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#7, lanes 31-33 = ParaE::CelA #8, lanes 34-36 = ParaE::CelA #9, lanes 39-41 = ParaE::CelA 
#10, lanes 42-44 = ParaE::CelA #11, lanes 45-47 = ParaE::CelA #12. Lanes 1, lanes 17, 






5.2.8. Investigating induction of pS797 ParaE :: CelA by arabinose 
Following transformation of GB15 with pS797 ParaE::CelA cultures were grown overnight 
in TSA medium and then inoculatated into TSA +/- Arabinose at different concentrations 
(0, 0.1, 0.2, 0.4 and 0.6 % w/v). Cultures were assayed using the well diffusion assay 
previously described. The results of this are shown in Figure27. The figure shows that 
CelA was expressed at all concentrations of arabinose, including 0%. This is 
demonstrated in Figure 27 by zones which do not stain with Congo red. The diameter is 
these halos was measured. The halo diameters were as follows, 0 % arabinose = 6.9 
mm, 0.1 % = 6.25 mm, 0.2 % 6.25 mm, 0.3 % = 5 mm, 0.4 % 6.25 mm. The cause of 
this is unknown but it may be caused by the presence of arabinose in the tryptone or the 
peptone used in the medium preparation. It has been previously shown that tryptone is 
able to induce a commonly used arabinose inducible promoter (Pbad). Another possible 
explaination for CelA expression in the absence of Arabinose is that the promoter itself 
is “leaky” so in the absence of an inducer there is a basal level of transcription.  
5.2.9. Arabinose utilisation by Geobacillus 
One of the aims using the araE promoter was to uncouple growth with protein 
expression by using arabinose as an inducer of protein expression. However, HPLC 
analysis of G. thermoglucosidans supernatant after growth for 24 h at 55 °C on TSB +/- 
arabinose (0.1, 0.2, 0.4, 0.6 % w/v) showed that G. thermoglucosidans is able to 
degrade arabinose. After 24 h incubation all of the arabinose in the TSB + 0.1 % 
arabinose had been utilised by G. thermoglucosidans wild type, pS797 and pS797 CelA. 
The G. thermoglucosidans strains in TSB + 0.2 % arabinose had used 92 %, 99 % and 
96 % of the available arabinose. In TSB + 0.4 % arabinose cultures 54 %, 58 % and 
59% of the arabinose had been utilised and in the TSB + 0.6 % arabinose culture 44 %, 
40 % and 43 % of the arabinose was degraded (Figure 28). This data suggests that 
arabinose is not a suitable inducer for reliable expression of protein.  
In the Lactose inducible system a synthetic analogue of lactose is used (IPTG). If an 
arabinose analog can be found that is able to switch on CelA expression but that cannot 
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Figure 27 Induction of CelA expression by ParaE induction at different concentrations of 
arabinose. 
The figure above shows Congo Red staining of CMC agar following incubation with 250 
µl of culture supernatant from Geobacillus thermoglucosidans WT, pS797 and pS797 
ParaE::CelA grown in TSB containing different concentration of arabinose (0. 0.1, 0.2, 0.4 
and 0.6 % w/v). The agar was stained with 1 M Congo red for 10 min and then 
destained with 1 M NaCl for 20 min. Halos, as observed in all pS797 ParaE::CelA wells 







Figure 28 Degradation of arabinose by Geobacillus thermoglucosidans DSM2542 wild 
type and pS797 CelA 
The graph above shows the amount of arabinose used during growth of G. 
thermoglucosidans for 24 h at 55 °C with shaking at 200 rpm. Arabinose usage by 3 
strains of G. thermoglucosidans was investigated, Wild Type, pS797 and pS797 
ParaE::CelA. These 3 strains were grown on TSB containing 0, 1, 2, 4 and 6 g l -1 of 
arabinose. The arabinose concentration was measured using HPLC. No arabinose  was 
detected in the media of the 1 g l-1 arabinose sample, following fermentation and so the 








6.1. Selection of a chassis for consolidated bioprocessing 
Geobacillus spp. are a good choice of host for the Consolidated Bioprocessing (CBP) of 
cellulosic biomass into useful products. The host selection process yielded seven strains 
able to degrade CMC and xylan. Geobacillus spp. are very fast growing, with a doubling 
time between 30-40 min when grown on TSB at 55 °C in 250 ml non-baffled shake 
flasks. Genomic data and experimental data (George Taylor, MRes 2014) show that 
Geobacillus sp. are able to utilise a wide range of carbon sources including C5 and C6 
sugars. The claim is supported by the data presented in this report which shows that 
numerous strains (GB1, GB19, GB20, GB21 GB27, GB30 and GB34) of Geobacillus 
spp. are able to degrade both CMC and xylan. Of the listed strains, four were 
successfully transformed by conjugal mating with the pS797 plasmid. Due to the 
demonstrated CMCase activity, cellobiose utilisation and the ability to transform the 
strain, GB15 seemed to be a promising strain for further genetic engineering. 
Further to this, a large amount of work has gone into developing G. thermoglucosidans 
DSM2542 by collaborating groups (University of Exeter) and so the the final decision 
was made that G. thermoglucosidans DSM2542 would be the host of choice for this 
project. It has the most developed molecular toolkit and a genome sequence is available 
(unpublished, Exeter University).  
This study has progressed the use of molecular tools in five species of Geobacillus (G. 
thermoleovorans DSM 5366, G. thermoglucosidans DSM2542, G. lituanicus DSM15325, 
and Geobacillus sp. ATCC15952, G. stearothermophilus N.R.Smith T147 MCIMB 8224). 
All used the same plasmid, indicating that the origin of replication and kanamycin 
cassette are functional in a range of Geobacillus species. Some of these strains can be 
transformed and have xylanase activity (GB21, GB30 and GB34). However, as the 
molecular toolkit has so far been constructed with G. thermoglucosidans in mind, further 
strain development will be continued in G. thermoglucosidans DSM2542 for the time 
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Three functional cellulases (CelA from C. bescii, CelB from T. neopolitana and Cel9A 
from T. fusca) have been expressed in G. thermoglucosidans. The cellulases have been 
shown to be active at degrading CMC. CelA and CelB are stable at 75 °C, making them 
well suited to consolidated bioprocessing of cellulose into simple sugar. The simple 
sugars (glucose, cellobiose and xylose) released by the enzymatic degradation of 
cellulose and hemicellulose can be utilised by G. thermoglucosidans, to produce fatty 
acids. These fatty acids, can in turn, be converted into alkanes and alkenes.  
The expressed proteins (CelA, CelB and Cel9A) have been shown to have activity 
against CMC, a modified, soluble form of cellulose. This work further develops G. 
thermoglucosidans as a host for consolidated bioprocessing of lignocellulosic material. 
The protein of greatest interest for lignocellulose bioprocessing is CelA.  
CelA is of interest as it has exoglucanase, endoglucanase and xylanase activity (60 % 
conversion of xylan in native switch grass (Brunecky et al. 2013). CelA has high activity 
against avicel and is active at much higher temperatures than other cellulase enzymes 
(up to 85°C) (Brunecky et al. 2013). The high activity of CelA is attributed to the 
proximity of the endoglucanase and cellobiohydrolase (exoglucanase) domains, 
afforded by the multi-domain structure of CelA (Brunecky et al. 2013). The use of CelA 
may remove the need for pre-treatment entirely. It has been shown that the activity of 
CelA against switch grass was actually reduced by pre-treatment of switch grass 
(Brunecky et al. 2013). CelA is able to act on cellulose in two ways: through surface 
ablation and cavity formation (Brunecky et al. 2013).  However it is a much larger protein 
than CelB (~170 kDa and 30 kDa respectively) (Zverlov et al. 1998; Bok et al. 1998). 
The characteristics discussed make CelA a very promising enzyme for the consolidated 
processing of lignocellulosic biomass. However, without the ability to tailor and regulate 
the gene expression levels, the burden of expressing a protein of this size (195 kDa) 
could be deleterious. The effect of this burden might be further exacerbated by the 
propensity of Geobacillus to sporulate under stress conditions. These are challenges to 





6.2. Progress and further work 
Further work on this project should include development of a quantitative assay for 
cellulase activity against CMC, microcrystalline cellulose and complex biomass. An in 
vitro method for quantitative testing of the cellullase proteins would be to purify the 
proteins, using the same His tag motif used in this study for western blotting. The 
purified cellulase protein can then be incubated with CMC or Avicel and activity can be 
assessed by HPLC. A quantitative assay would allow the study of the enzyme kinetics, 
cofactor requirements and the optimisation of environmental factors, such as pH, 
temperature, O2 concentration and expression level, to improve CelA activity in 
Geobacillus.  
During preparation of this manuscript, further work was carried out to develop such an 
assay, using the tools developed here. This work has successfully quantified the activity 
of CelA (purified from G. thermoglucosidans culture supernatant) against Avicel, 
However, it is important to remember that improved in vitro activity does not translate 
directly to in vivo activity. In vivo assays for cellulase activity have been developed 
(Personal communication, David Parker: 10th July 2015) and it is recommended that 
future work investigate in vivo activity using an assay which is high throughput, highly 
sensitive and highly specific assay.  
A method that would fulfil these requirements is a FACS-based vanadium 
bromoperoxidase reducing sugar detection assay (Prodanovic et al. 2012; Ostafe et al. 
2013). Single bacterial cells are isolatedin a double emulsion containing a glucose 
oxidase enzyme (GOx) and vanadium bromoperoxidase and sodium bromide. Cellulase 
activity is detected when the hydrogen peroxide generated by GOx is converted to 
hypobromide by vanadium bromoperoxide. As a result of hypobromide reacting with the 
probe, 3-carboxy-7-(4'-aminophenoxy)-coumarine, fluorescent 3-carboxy-coumarine is 
released. This fluorescence can be detected using flow cytometry, allowing 
measurement of cellulase activity. By generating a standard curve based on reducing 
sugar concentration this can be developed into a quantitative in vivo assay for cellulase 





6.3. Improving cellulase activity by rational mutagenesis 
Now that a set of functional cellulase genes has been expressed in Geobacillus these 
proteins can be altered to improve their compatibility with the host. The optimal 
temperature of the cellulase can be optimised to better match with that of Geobacillus. 
The cellulase genes are functional between 70 °C-85 °C, whilst Geobacillus 
thermoglucosidasius DSM2542 has a growth optimum of 55 °C (Nazina et al. 2001) and 
Geobacillus stearothermophilus N.R.Smith T147 has an optimum of 55 °C (NCIMB). 
Through modification of the protein structure it is possible for the optimal temperature of 
the proteins to be reduced whilst still maintaining optimal activity.  
Protein structures are reengineered using numerous approaches. Historically, these 
approaches tend to be based on mutagenesis of the DNA, through either chemical 
mutagenesis or error prone PCR (Liang et al. 2011). However, recently developments in 
high throughput DNA synthesis have seen a reduction in the cost of DNA synthesis 
(Carlson 2009). The ability to write DNA as well as read it has allows high throughput 
protein engineering without needing to perform mutagenesis on your gene of interest 
(Liao et al. 2007). This technology has been successful in altering both substrate 
specificity (Govindarajan et al. 2014) and activity (Liao et al. 2007). It is also possible to 
use protein engineering to improve the temperature range and optimal temperature for 
an enzyme through computational modelling of protein folding (Trudeau et al. 2014). By 
redesigning the cellulase proteins expressed here, it may be possible to tailor their 
kinetics so that they best suit the host and the fermentation system selected. 
Once protein variants have been generated it is important that they can be screened 
using a fast and simple activity assay. The FACS GOx assay discussed previously, is a 
good candidate for this and it is strongly suggested that this assay is developed for use 
in Geobacillus. This assay has been previously used to screen cellulase mutant libraries 








Whilst progress has been made toward generation of cellulolytic Geobacillus, it seems 
that engineering of cellulolytic pathways into a host is a difficult approach to take. 
However, given the industrial development of alkane synthesis pathways, the possible 
routes to success are limited. The biggest restriction to progress is the oxygen 
dependence of the ADO gene (Schirmer et al. 2010). Recent progress in the 
development of thermophiles, like C. bescii, for biofuel production  are very attractive for 
CBP due to its ability to utilise lignocellulose as a carbon source (Brunecky et al. 2013) 
for the production of bioethanol (Chung et al. 2014). However, C. bescii is an anaerobic 
organism, making it incompatible with known alkane synthesis pathways and the 
generation of economically viable biofuels. Although there has been debate over the 
enzyme’s oxygen dependency for the alkane production mechanism (Li et al. 2012; 
Warui et al. 2011; Eser et al. 2011), the isotopic tracer analysis carried out recently (Li et 
al. 2012) shows that the enzyme requires O2 for its activity. Whilst it may be possible to 
adjust the process of fuel production to enable the use of an anaerobic organism, this 
would increase operating capital and therefore reduce the economic feasibility of the 
entire process. Alkane synthesis pathways that do not require oxygen may be 
compatible with alkane production in C. bescii, but currently characterised pathways are 
not. 
6.4. The use of solid state fermentation in consolidated bioprocessing 
The oxygen requirements of current alkane pathways and the high solid content of 
lignocellulosic material, makes bioprocessing of biomass difficult in a liquid based 
fermentation system. The solid fraction presents a particular challenge because of 
material settling and blockage of liquid handling system, i.e. addition or removal of 
substrate and product. There is also a very high water usage associated with a liquid 
fermentation system, which adds cost to the process. Liquid fermentation requires large, 
high cost fermentation tanks, liquid handling systems, pressure regulation and heating 
and cooling. All of these factors add capital expenditure to an industrial scale project. 
This increased capital cost means that the bioprocessing must be more efficient for the 
process to remain viable, which is a particular issue given that liquid transport fuels are 





A solid state, consolidated process, such as a silage based system, would negate the 
issues of a liquid system. It would be very cheap to set up and maintain. Like a garden 
compost heap, it is expected that a silage pile would maintain the optimal temperature of 
the composting microbes, in this case Geobacillus. There will of course be a 
temperature gradient from the inside to the outside of the pile, but the use of 
Geobacillus, with its broad temperature tolerance should mean the impact of any 
temperature fluctations is reduced. 
However, as with liquid fermentation, there are barriers to solid state fermentation. 
Monitoring of variables such as cell growth, pH and temperature becomes difficult. 
There are still a lot of factors that need to be considered before Geobacillus is ready to 
be deployed in a solid state system. 
6.5. Ancillary enzymes to improve extracellular cellulase activity 
Whilst the proper expression of CelA is promising it is important to highlight the 
complexity of natural lignocellulosic systems. The degradation mechanism found in 
nature  often consist of numerous genes; for example C. bescii DSM6725 has 32 genes 
whose expression is up-regulated in response to growth on cellulose, many of which are 
multifunctional (Dam et al. 2011). The expression of a single cellulase enzyme may not 
prove to be sufficient to achieve optimum biomass degradation. The role of other 
ancillary enzymes needs to be investigated as their use could lead to significant 
increases in yield. An example of this is the use of a thermostable beta glucosidase 
enzyme from T. maritima (bglA) (Brunecky 2013). By supplementing CelA with this 
enzyme  at a ratio of 14 mg g-1 glucan: 1 mg g-1 glucan, the total  glucan conversion over 
160 h, with Avicel as a substrate was doubled at 75 °C (Brunecky et al. 2013). This 
increase in total conversion also held true on dilute acid pretreated corn stover, where 
supplementation gave an increase in in conversion from 30 to ~75 %. It is hypothesised 
that this large increase in rate of conversion was caused by removing product inhibition. 
The effect of sondary enzymes in a Geobacillus lignocellulose fermentation system is an 
important area of this research and requires further investigation. To aid this a number 





6.6. Utilisation of hemicellulose by Geobacillus  
A constituent part of lignocellulose that has not been focussed on is this study is 
hemicellulose, made up of mostly xylan and arabinan. A recent paper (De Maayer et al. 
2014) highlighted the variation between loci in the currently sequenced strains of 
Geobacillus and the highly variable hemicellulose utilisation loci, which encodes the 
hemicellulose utilisation system genes (HUS), which encode xlyanases, xylanosidases, 
arabinofuranosidases and glucuronidases. The authors highlight this as a target for re- 
engineering (De Maayer et al. 2014). It was also observed that there was some diversity 
in the Arabinose Utilisation System with several strains (Y412MC52,Y412MC61, T-6 and 
WSUCF1) having a AUS incorporated into the HUS locus (De Maayer et al. 2014). This 
research experimentally validates some of the findings of De Maayer et al. 2014 as it 
has been shown that the 46 strains tested vary in their ability to utilise hemicellulose 
(xylan) and CMC. Whilst the focus of this research was cellulose utilisation it may be 
important that hemicellulases are utilised as well. Previous work on GB15 has shown 
xylose utilisation (George Taylor, Exeter University MRes, unpublished data), and this 
study demonstrated arabinose utilisation. The use of hemicellulose as a carbon source 
should be investigated further. Further assessment of the HUS and AUS variability of 
Geobacillus will provide further insight into chassis development.  
By developing the toolkit available the diverse pan genome of Geobacillus spp. can be 
combined into one host. This would require complex engineering and optimisation, but 
with proper strain development is feasible. The HUS of G. stearothermophilus T-6 was 
recently sequenced (NCBI Acc. # DQ868502) and shown to contain 13 gene clusters for 
hemicellulose degradation making T-6 an additional candidate for host screening (Not 





Table 10 Candidate enzymes for improving cellulose utilisation by pS797 CelA Geobacillus thermoglucosidans. 
 
Gene I.D Organism 
Protein 
Size 
Ascension # Localisation Function 
Cel9b C. bescii 151.06 ACM60953 Extracellular 
Beta glucanase and mannase 
activity 
CelE C. bescii 142.19 ACM60947 Extracellular 
Beta glucosidase and 
mannase activity 
CelF C. bescii 164.8 ACM60945 Extracellular 
Xylanase and 
cellobiohydrolase 
PecB C. bescii 49.16  Extracellular Pectate lyase 
BglA T. maritima 51.54 CAA52276.1 Intracellular Beta glucosidase 
BglB Geobacillus thermoglucosidasius C56-YS93 55.58 AEH46291.1 Intracellular Beta glucosidase 
Geoth_2227 Geobacillus thermoglucosidasius C56-YS93 54.89 AEH48161.1 Extracellular Beta glucosidase 
BglA Geobacillus NBRC 107763 55.51 GAJ43011.1 Intracellular Beta glucosidase 
BglB Geobacillus C56-T3 54.54 ADI26683.1 Extracellular Beta glucosidase 
BglB Geobacillus C56-T3 52.74 ADI26193.1 Extracellular Beta glucosidase 





Long term population stability is required in a bioprocessing system, therefore factors 
such as mutagenic drift and contamination must be considered. In a nutrient limited 
environment it becomes necessary for the host to express the heterologous gene in 
order to survive. If there is excess free sugar around then it is no longer necessary for 
the host to express our cellulases. This lack of selection pressure would allow gene 
deletion or mutation even in a system where genes of interest have been integrated into 
the genome. A number of closely related species of Geobacillus are able to transport 
cellobiose using a cellobiose phosphotransferase operon (Lai & Ingram 1993; Zeigler 
2014). This presents another interesting way of removing substrate inhibition. This 
approach is a “pull through” instead of a “push through” approach; a method which 
works with the metabolic flux by removing the effect of feedback and therefore hoping to 
reduce metabolic bottlenecks and the overproduction of product. In essence, it prevents 
supply outweighing demand and so by balancing “push and pull” carbon flux can be 
tailored to maximise production of the desired molecule i.e. transport fuels. 
6.7. Geobacillus and synthetic biology 
Recent developments in genetic tools and resources has been recognised as the 
catalyst for the recent advances in the use of thermophiles in biotechnology (Taylor et 
al. 2011). This increase in tools and resources is observed in Geobacillus. Gene KO 
systems have been developed (Cripps et al. 2009; Suzuki et al. 2012) and the number 
of promoter and reporter systems available is being expanded (Bartosiak-Jentys et al. 
2013; Bartosiak-Jentys et al. 2012). This development opens a number of possibilities 
which will be essential for the development of Geobacillus as a chassis for CBP; 
pathway optimisation will be essential and a reporter system, such as green fluorescent 
protein (GFP) can be used to test predictable expression systems in G. 
thermoglucosidans as done in E. coli (Kosuri et al. 2013), allowing the construction of 
more finely tuned pathways, resulting in more efficient protein production, carbon 
utilisation and therefore higher productivity. Given that the host being developed in this 
project will be used for alkane production, this will require genetic modification at the 
upstream and downstream ends of carbon metabolism. This will no doubt require a large 





Now that gene function has been demonstrated it becomes possible to begin 
optimisation of the protein itself. There are several companies that offer this kind of 
service (DNA2.0, Synthace). By  using Design of Experiment (DOE) and machine 
learning, it is possible to predict and test the effect of DNA sequence modifications and 
to alter the expression level (Gustafsson et al. 2012) and functional parameters (Liao et 
al. 2007) of your protein of choice. Importantly, this design is carried out in a similar 
fashion irrespective of protein function or mechanism meaning that it can be used to 
optimise any protein. Another recent paper showed a 14 fold increase in protein 
expression by applying the N-terminal bias for rare codon usage across an entire gene 
sequence (Goodman et al. 2013). 
 This design-model-build-test cycle has become the defining feature of a newly emerged 
field of biology known as synthetic biology. This principle can be applied to chassis 
construction. This rational design of the pathways required for CBP will allow for the 
generation of an efficient and productive system. Synthetic control system of gene 
expression has been hugely advanced in recent years allowing the syncronised 
“switching on” (Elowitz & Leibler 2000) of genes through the introduction of synthetic 
external stimuli (Dixon et al. 2010), logic based computation of  inputs for programmable 
gene expression (Wang et al. 2011; Bonnet et al. 2013), and tighter control over the 
expression of genes at the level of transcription (Larson et al. 2013) and translation. 
Recent work of translational regulation mediated by riboregulators has allowed for the 
development of a highly effective bacterial kill switch (Callura et al. 2010), an 
achievement that received great attention from the media. If a system like this is 
approved for use then this could drastically change the use of Genetically Modified (GM) 
organisms, not just for CBP of biofuels but for the whole biotechnology industry. 
Another recent paper from the Collins lab tested riboregulated networks that can be 
used to redirect carbon flux of cells (Callura et al. 2012). It may also be possible to use 
CRISPRi based systems to achieve this (Larson et al. 2013). Often when bacteria are 
used in biotechnology it is necessary to redirect the carbon flux through gene knockouts 
(Young et al. 2014; Cripps et al. 2009). It can be time consuming construct KO libraries 





The development of synthetic biology techniques is of great importance to industrial 
scale bioprocessing. In an industrial setting knowledge transfer can often be a limiting 
factor. Synthetic biology aims to increase the reproducibility of research. This will make 
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Appendix 1 Sequence of pS797 empty vector 
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Appendix 2 His Tag diagnostic digest data 
CelZ gel is laid out differently, one undigested control and 6 digested plasmids, all 








Appendix 3 Sequencing of pS797 CelA::6xHis showing introduction of 6x His Tag by 
Q5 Site Directed Mutagenesis. 






































































































































pS797 CelA + His M13 fwd RC & pS797 CelA 
CelA            CAGGACCCTGACTGGCCGAAACTGGAAGCGGCCTACAAAAGCGGCCAAGCGCCGGAGTTT 968 
pS797           CAGGACCCTGACTGGCCGAAACTGGAAGCGGCCTACAAAAGCGGCCAAGCGCCGGAGTTT 7080 
                ************************************************************ 
 





pS797           CGCTACCATCGTTTCTGGGCGCAGTGCGATATTGCCATTGCGAATGCGACTTATGAGATC 7140 
                ************************************************************ 
 
CelA            TTGTTTGGCAATCAGCATCATCATCACCACCACTAATAAAAATGGAAATGATTCACACCC 1088 
pS797           TTGTTTGGCAATCAG------------------TAATAAAAATGGAAATGATTCACACCC 7182 
                ***************                  *************************** 
 
CelA            GATGTGGACTTGCCTCATCGGGTG-TTTTTTGCTNTCNNNNNNNNNNNNNNNN------- 1140 
pS797           GATGTGGACTTGCCTCATCGGGTGTTTTTTTGCTATCAAAACTACTAGTAGCGGCCGCCT 7242 
                ************************ 
 










































































































CelZ + His M13 fwd RC & pS797 CelZ 
CelZ            AACCGAATCAAAGCATTGAAGTCCAGAATCGCTTCAGCAAGGCCGATTGGACGGACTACA 952 
pS797           AACCGAATCAAAGCATTGAAGTCCAGAATCGCTTCAGCAAGGCCGATTGGACGGACTACA 4735 
                ************************************************************ 
 
CelZ            TCCAAACGAATGACTACAGCTTCAGCACCAATACGAGCTATGGCAGCAACGACCGTATTA 1012 
pS797           TCCAAACGAATGACTACAGCTTCAGCACCAATACGAGCTATGGCAGCAACGACCGTATTA 4795 
                ************************************************************ 
 
CelZ            CCGTTTACATTAGCGGTGTGTTGGTGAGCGGTATCGAGCCGCATCATCATCNCCNNCNNN 1072 
pS797           CCGTTTACATTAGCGGTGTGTTGGTGAGCGGTATCGAGCCGTAATA-------------- 4841 
                ***************************************** *: *               
 
CelZ            NNNNAAAANGGAAATGATTCACACCCGATGTGGACTTGCCTCATCGGGNNTNNNNNNNNN 1132 
pS797           ----AAAATGGAAATGATTCACACCCGATGTGGACTTGCCTCATCGGGTGTTTTTTTGCT 4897 
                    ****.***************************************..*....... . 
 
CelZ            NNNNNNNNNNNNNNNNNNNNNNNNNNNNN------------------------------- 1161 
pS797           ATCAAAACTACTAGTAGCGGCCGCCTGCAGACTGGCCGTCGTTTTACAAGATCCTCAAAA 4957 
                 .      .  . .. . ..  .  ..                                  
 




























































































pS797           CGACGGTGCGTCTGAAGAGATTCCGAATGATGAAGGCAAGGGTTTTGACCGCATGTGTGA 3539 
Cel6b           CGACGGTGCGTCTGAAGAGATTCCGAATGATGAAGGCAAGGGTTTTGACCGCATGTGTGA 861 
                ************************************************************ 
 
pS797           CCCGACCTATCAAGGCAACGCGCGCAACGGCAATAATCCGAGCGGTGCACTGCCGAATGC 3599 
Cel6b           CCCGACCTATCAAGGCAACGCGCGCAACGGCAATAATCCGAGCGGTGCACTGCCGAATGC 921 
                ************************************************************ 
 
pS797           ACCGATCAGCGGTCACTGGTTTAGCGCGCAGTTCCGCGAGCTGCTGGCGAATGCCTATCC 3659 
Cel6b           ACCGATCAGCGGTCACTGGTTTAGCGCGCAGTTCCGCGAGCTGCTGGCGAATGCCTATCC 981 
                ************************************************************ 
 
pS797           GCCGCTGTAATAAAAATGGAAATGATTCACACCCGATGTGGACTTGCCTCATCGGGTGTT 3719 
Cel6b           GCCGCTGCA---------------------------------------TCATC------- 995 
                ******* *                                       *****        
 





Cel6b           --------ATCACCACCACTAATA------------------------------------ 1011 
                        ****  ** **** **                                     
 
pS797           CCTCAAAATGGTATGCGTTTTGACACATCCACTATATATCCGTGTCGTTCTGTCCACTCC 3839 
Cel6b           ------------------------------------------------------------ 
                                                                             
Poor alignment but the His tag sequence can be clearly seen on the sequence data 
(Cel6b) and not on the original template (pS797). 




















































































pS797           GGCCGTGACCGCGACGCCGATGAGCTGGAACAGCAGCCTGGCTCCGGGTGCGACCGTCGA 4436 
Cel9A           GGCCGTGACCGCGACGCCGATGAGCTGGAACAGCAGCCTGGCTCCGGGTGCGACCGTCGA 950 
                ************************************************************ 
 





Cel9A           GGTTGGCTTCAATGGTTCATGGAGCGGTTCCAACACTCCGCCAACCGATTTTACCCTGAA 1010 
                ************************************************************ 
 
pS797           CGGTGAGCCGTGTGCCTTGGCG------------------TAATAAAAATGGAAATGATT 4538 
Cel9A           CGGTGAGCCGTGTGCCTTGGCGCATCATCATCACCACCACTAANNNAAATGGAAATGATT 1070 
                **********************                  ***   ************** 
 
pS797           CACACCCGATGTGGACTTGCCTCATCGGGTGTTTTTTTGCTATCAAAACTACTAGTAGCG 4598 
Cel9A           CACACCCGATGTGGACTTGCCTCATCGGGTGTTNNNNNN-TNTCAAAANNNNNNNNNNNN 1129 
                *********************************       * ******             
 
pS797           GCCGCCTGCAGACTGGCCGTCGTTTTACAAGATCCTCAAAATGGTATGCGTTTTGACACA 4658 
Cel9A           NNNN-------------------------------------------------------- 1133 
                                                                             
 
pS797           TCCACTATATATCCGTGTCGTTCTGTCCACTCCTGAATCCCATTCCAGAAATTCTCTAGC 4718 
Cel9A           ------------------------------------------------------------ 
 














































































pS797           AACGTAAAAGACTTTGTTGAAAAAGCTGCGGAAGTCATCAAAAAGCACAGCACGCGCGTT 2580 
CelB            AACGTAAAAGACTTTGTTGAAAAAGCTGCGGAAGTCATCAAAAAGCACAGCACGCGCGTT 880 




































pS797           AACACCACGGCAGCGAAGTTCGGTTGGACGTTTAAAGATTTTAGCGTGGAGATCGGCGAG 2700 
CelB            AACACCACGGCAGCGAAGTTCGGTTGGACGTTTAAAGATTTTAGCGTGGAGATCGGCGAG 1000 
                ************************************************************ 
 
pS797           ------------------TAATAAAAATGGAAATGATTCACACCCGATGTGGACTTGCCT 2742 
CelB            CATCATCATCACCACCACTAATAAAAATGGAAATGATTCACACCCGATGTGGACTTGCCT 1060 
                                  ****************************************** 
 
pS797           CATCGGGTGTTTTTTTGCTATCAAAACTACTAGTAGCGGCCGCCTGCAGACTGGCCGTCG 2802 
CelB            CATCGGGTGTTNNT--GCTATCAANNNTNNNNNNNNNNNNN------------------- 1099 
                ***********  *  ********   *                                 
 
pS797           TTTTACAAGATCCTCAAAATGGTATGCGTTTTGACACATCCACTATATATCCGTGTCGTT 2862 
CelB            ------------------------------------------------------------ 
 







   
pS797 Empty 
Vector 
   
pS797 CelA 
   
pS797 CelB 
   
pS797 Cel6B 











Table showing Congo red staining of CMC agar following incubation with Geobacillus 
thermoglucosidans DSM2541, pS797, pS797 CelA, pS797 CelB, pS797 Cel6B, pS797 
Cel9A supernatant for 24 hours at 55°C. 
pS797 Cel9A 
   
